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Sustainably managed forests are crucial in balancing trade-off between various ecosystem functions
and optimum product utilization. Improving the utilization of these renewable resources through diversified
forest wood products faces various socio-economic, ecological, and cultural challenges. A major challenge
faced by forest managers in the Northeastern United States is overstocked stands dominated by smalldiameter trees (SDT). Major woody portion of the harvested residues is constituted by SDT and are typically
of low value. Data from the national inventory indicates a high number of SDT in Northeastern forests such
that the average size of all trees in the region is less than 15 cm. Further, stakeholders across the region
have consistently called for the need for better markets and policies to incentivize the removal of SDT to
enhance financial bottom lines and forest health. Hence, it is crucial to explore the existing situation of
timber harvesting and management experienced by forestry professionals, understand the major variables
that affect the cost and productivity of timber harvesting operations, and evaluate the actual cost of
harvesting SDT compared to more valuable sawlogs.
The results from the online survey of woody biomass producers showed that SDT on an average,
constituted more than one fourth of a stand’s harvest residue, although with high variability. The lack of
markets, high cost of production, and policy incentives were the major constraints that affect the decision
to harvest SDT. A global meta-analysis on the cost and productivity of timber harvesting showed that stand
characteristics such as DBH and height of the stand and the machine rate had a significant effect on the cost

and productivity of timber harvesting. A novel method called Exclusive Product Allocation for estimating
the cost of solely harvesting SDT in a region where there is no market for comminuted wood products has
been introduced. The actual cost of solely harvesting SDT was found to be four times the cost of harvesting
sawlogs if the operation used the same equipment. The results from this study provide policymakers ways
to reduce SDT harvesting constraints in the region and help forest managers in making efficient decision
on costing operations.
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CHAPTER 1
INTRODUCTION
1.1. Small-diameter trees and woody biomass
In any timber harvesting operation, harvest residue (also referred to as woody biomass in this
dissertation) is inevitable and represents a major proportion of the total harvest volume (Spinelli et al. 2019).
There has been an ongoing debate regarding the advantages and disadvantages of retention vs removal of
woody biomass at a harvested site. Retaining woody biomass in the harvest site could increase the risks of
fires, efficiency of operation, pests and diseases (Han et al. 2004; Soman et al. 2019) as well as, extensive
removal of woody biomass could have negative and long lasting effects on forest soil, biodiversity, stand
and site characteristics (Achat et al. 2015; Kizha et al. 2021). The optimum amount of woody biomass to
be retained after a harvesting operation varies depending on the particular characteristics of the site and
stand, type of harvesting operations, and policy constraints (Fielding et al. 2012; Ghaffariyan and Dupuis
2021).
Small-diameter trees (SDT) forms majority of the woody component of the harvest residues along
with branches, treetops, non-merchantable, and broken logs that does not meet the standards for
merchantable logs (Kizha and Han 2015a; Thiffault et al. 2015). However, the proportion of SDT and other
woody components in the residue can vary depending on the stand conditions, silvicultural prescriptions,
and operational characteristics (Kizha and Han 2015a; Kizha and Han 2016; Ghaffariyan and Dupuis 2021).
Globally, high density stands dominated by SDT pose various challenges for forest managers in regard to
economic and ecological risks of management (Han et al. 2004; Bukauskas et al. 2019). According to the
USDA Forest Inventory Analysis (FIA 2019), 10% of the total above ground stand volume in the
Northeastern United States is composed of SDT which is also reflected in the total harvested volume of
wood.
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Advanced technologies for generating value-added products such as pellets, briquettes, and biochar
from woody biomass have international importance in renewable energy production (Faaij 2006; Paulson
et al. 2019). Sustainable and improved management of SDT dominated stands in the Northeast could
generate better-quality value-added energy products (Bisson and Han 2018). Moreover, the use of SDT is
also gaining attention in the global markets for construction through whole timber, mass or cross-laminated
timber, and other wood composites (Fredriksson et al. 2015; Liao et al. 2017; Tisserat et al. 2017). Even
though there is historical evidence for the use of SDT in multiple energy and construction purposes, the
applicability and scope depends on various factors such as, geographical locations, markets, infrastructure,
availability, policies, cost and productivity of the operation (Han et al. 2004; Hanzelka et al. 2016;
Bukauskas et al. 2019).

1.2. Changing markets and management
Woody biomass is a reliable and widely available raw material for renewable energy and wood-based
products that is often deemed to be sustainable and carbon neutral. However, the reduced productivity and
high cost of production results in high variability in the economic value which depends on the markets
(Thiffault et al. 2015; Montgomery et al. 2016; Kizha and Han 2016). In regions that lack markets for
harvested residues products are considered as non-merchantable by-products and are typically either left in
the site or burned at the landing depending on the regulations (Hudson et al. 1990).
In the United States, industrial round wood products are the at the highest in terms of production,
consumption, and export (FAO 2018). Within the US, a majority of the total woody biomass production
and trade contribution is from the Southern region (Langholtz et al. 2016). However, there is a need to
identify potential woody biomass harvesting areas in other parts of the country to ensure sustainable and
continuous supply of materials while also helping to improve forest health (Abbas et al. 2018). Overly
stocked stands with higher proportions of SDT makes the Northeast a prospective candidate for expanded
woody biomass production that could help meet the energy and other renewable resource-based needs in
the region (Gan and Smith 2006; Whalley et al. 2017).
2

1.3. Organization of the dissertation
This dissertation is comprised of an introduction (Ch. 1) and three full chapters (Ch. 1-4) that are
written and formatted as full-length manuscripts. Furthermore, the results of chapters 2, 3, and 4 have all
been presented as posters and oral presentations at various regional, national, and international conferences.
The dissertation is organized as follows:
Chapter 1 introduces the context of the dissertation by providing insights to SDT, woody biomass,
and harvest residue. The chapter also provides rationale for the upcoming chapters.
Chapter 2 is being prepared for submission to “Renewable and Sustainable Energy Reviews”. This
chapter explores the current situations regarding harvest residue and SDT in the Northeast and compiles
major perspectives from woody biomass producers in the region. Comparison and identification of major
constraints and possible suggestions for future policy and market improvements for SDT and woody
biomass harvesting.
Chapter 3 is a global meta-analysis of the cost and productivity of timber harvesting operations
globally to highlights the major variables involved in driving the variation. This chapter has recently been
accepted and is currently in press at “Current Forestry Reports”. The results from this chapter will be useful
for forest managers for comparisons across various studies by considering the major variables involved.
The chapter also explores the variance structure of timber harvesting cost and productivity at stand, country,
and continent scales.
Chapter 4 is published in the “International Journal of Forest Engineering” (Louis and Kizha 2021).
This chapter estimates and compares the cost and productivity of two timber harvesting methods (whole –
tree and hybrid cut-to-length) and explores both the traditional approaches for cost apportioning as well a
novel method for allocating the cost of harvesting SDT in a whole-tree method. The novel method is used
for estimating the actual cost of harvesting SDT which is more applicable in the Northeastern United States
where there is little to no market for SDT products.
3

CHAPTER 2
CONSTRAINTS AND OPPORTUNITIES IN HARVESTING SMALL-DIAMETER
TREES: PERSPECTIVES OF FORESTERS AND LOGGERS IN THE
NORTHEASTERN UNITED STATES
2.1. Abstract
Extensive forest resources with a vast number of small-diameter trees (SDT) and dense stands make
the Northeast US a promising source of timber harvest residue, also known as woody biomass. Harvesting
SDT dominated stands has been a major challenge in the region due to the low-value products generated
from these harvests. There are also various socio-economic and ecological factors that constraints the
harvest decision. The objectives of the study were to compare and identify the key components,
circumstances, and constraints related to the harvesting of SDT, regionally; to see if the responses varied
between different job and experience categories; and to understand the perspectives of foresters and loggers
to improve the current constraints in SDT harvesting. An online survey was conducted and obtained input
from 270 foresters and loggers in the Northeastern US. The respondents reported that, on average, 24% of
the total harvest residue comprised SDT. The strongest agreement was on utilizing woody biomass for
bioenergy and institutional heat energy. There was also significant positive agreement that the primary
reason for harvesting woody biomass was to satisfy the landowner’s objectives and for maintaining
aesthetic value of the site. Even though the strength of agreement for certain circumstances significantly
varied between job and experience types, the overall agreement prevailed. The major constraints in woody
biomass harvesting were economic (i.e., the lack of markets and higher trucking distance followed by lack
of policy incentives and production cost). Respondent recommendations strongly emphasized the need for
new and improved markets, infrastructure, and increased support from the government as policy incentives
for woody biomass harvesting.
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2.2. Introduction
Overstocked stands dominated by small-diameter trees (SDT; diameter at breast height less than
12.7 cm) is a global concern in terms of reduced economic feasibility of harvesting and increased risk of
fires, diseases, and pest attacks (Han et al. 2004; Bukauskas et al. 2019). About one-third of the woody
biomass left in a harvest site is comprised of SDT, treetops, and larger branches which could vary depending
on the stand characteristics (Kizha and Han 2015b; Spinelli et al. 2019). The annual harvest rate of woody
biomass in the US is currently at suboptimal levels such that the growth rate exceeds the removed volume,
indicating higher utilization potential to achieve the optimum level (Miles 2017; Vance et al. 2018).
However, woody biomass retention in the site – primarily through leaving harvest residues on the forest
floor – has been found to improve the soil physical properties, organic carbon, wildlife habitat, and other
environmental characteristics (Kizha and Han 2015a; Bessaad et al. 2021). Piling up excess woody biomass
in the harvest site could increase the chances of fires, pests, and other ecological concerns, whereas the
extensive removal of woody biomass also threatens the stand and site characteristics, biodiversity, and soil
characteristics (Titus et al. 2021).
The optimum amount of logging residue to retain in a site varies based on the site, stand,
silvicultural prescriptions, and operational factors (Fielding et al. 2012; Ghaffariyan and Dupuis 2021; Titus
et al. 2021). Long-term and sustainable supply areas need to be identified to ensure efficient and viable use
of woody biomass for energy and other biomaterials production (Kizha. et al. 2015; Montgomery et al.
2016; Abbas et al. 2018). The densely packed stands with a high proportion of small diameter trees make
the Northeast an ideal candidate for future woody biomass source in the United States (Damery et al. 2009;
FIA 2014). Hence, it is imperative to understand the woody biomass harvesting constraints from a forester
and logger perspective.
There is a global urge to expedite the switch to renewable energy because of the negative impacts
of nonrenewable energy sources on climate change (Stocker et al. 2013; Quinn et al. 2020). There is an
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increasing demand for renewable energy sources, which is expected to increase 60% by 2030 compared to
2019 (IEA 2021). In 2020, woody biomass contributed 19% to the US renewable energy production, and
the demands are expected to increase (Oliver and Khanna 2017; EIA 2019). Woody biomass has the
potential to meet a significant portion of the future energy requirements in the country (Fielding et al. 2012;
Langholtz et al. 2016). Value-added products from woody biomass for energy production such as biofuels
and biomaterials demonstrate superior quality, economic viability, environmental sustainability, and reduce
greenhouse gas emissions (Jones et al. 2010; Hanzelka et al. 2016; Braghiroli and Passarini 2020).
Woody biomass conversion technologies such as torrefaction, gasification, liquefaction, pelleting,
and briquetting methods result in energy densified raw materials for the production of bioenergy in the form
of heat, electricity, or fuels (Faaij 2006; Reid et al. 2020). Such conversion methods can improve the
efficiency of feedstock for energy production but narrow specification requirements for the raw materials
are one of the major constraints in terms of desired size and low contamination (Kizha and Han 2016; Sahoo
et al. 2019). Another trade-off is that woody biomass is of low value in regions that lack markets and hence
considered a by-product (Hudson et al. 1990) resulting in high production cost and low productivity.
Trucking woody biomass raw material to longer distances accounts for 33% of the total delivered cost and
highly varies depending on the harvest type and location (Hanzelka et al. 2016; Koirala, Kizha, and De
Urioste-Stone 2017; Paulson et al. 2019; Wang et al. 2020). Long trucking distances and lack of drivers are
also major cost constraints in the region (Koirala, Kizha, and Roth 2017; Koirala, Kizha, and De UriosteStone 2017).
Woody biomass have also gained recent attention for its potential use in advanced construction
materials such as cross-laminated and mass timber, wood-based panels, and wood plastics (Fredriksson et
al. 2015; Liao et al. 2017; Bukauskas et al. 2019; Braghiroli and Passarini 2020). The benefits of using
woody biomass in such construction materials are reduced life-cycle impacts and increased carbon
sequestration (Tettey et al. 2019). However, major constraints include the number of facilities for various
products, distance from the harvest site, and the availability of woody biomass (Wang et al. 2020). Previous
6

studies that have examined the scope and applicability of SDT and woody biomass for various
constructional materials; however, the narrow range of product quality (physical chemical, and mechanical
properties) along with careful and specialized treatment requirements to minimize the damages during
various harvesting phases are also major constraints in their broader applicability (Tisserat et al. 2017; Lu
et al. 2018; Bukauskas et al. 2019).
According to the Forest Inventory Analysis (FIA 2019) the proportion of above-ground dry tons of
SDT varies between counties within a state. Among the Northeastern states, the highest average percentage
is in Maine (15%), followed by New Hampshire (7%), Vermont (7%), and New York (6%, Figure 2.1).
The total SDT in the Northeast was on an average 10% (264 million dry tons) of the total above-ground
growing stock, which was also reflected in the annual removals such that 13% of removed dry tons were
from small-diameter tree stands (FIA 2019). Similar trends were also observed in the removal percent for
SDT, with the highest removal observed in Maine (34%). Hence, there is significant amount of SDT in the
region, and sizeable amount of those are harvested every year. SDT constitute a major portion of the forest
residue; hence, detailed understanding of perspectives of forestry professionals working in the field should
be explored.
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B

Figure 2.1. Box plots showing the county level Forest Inventory Analysis (FIA) data based on the forest lands. Graphs
show the small-diameter trees (SDT) percentage dry tons of A) total growing stock (above ground volume) and B)
total removals (based on stand size classes) for various states in the Northeast United States.

The main objectives of the study were to compare and identify the different circumstances and
constraints in harvesting low-grade woody biomass (i.e., SDT) based on the operational experiences of
foresters and loggers; to observe if the perceptions varied between different job and experience categories;
and to understand the potential opportunities to reduce the current constraints and improve the efficiency
of woody biomass harvesting.
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2.3. Methodology
There are multiple aspects of social, economic, and ecological factors that could play a crucial role
in restricting SDT harvesting. Based on a mix of literature analysis, previous surveys, and personal
communications a questionnaire to solicit forestry professionals’ perceptions on harvesting SDT was
developed and administered online (Cooper et al. 2009). The initial version of the questionnaire was
reviewed by several experts, including practicing forest managers, academics from forestry and social
sciences, and subsequently revised after being piloted. The online questionnaire survey (Ugolini et al. 2015)
created was sent to forestry professionals (foresters and loggers) in seven Northeastern states (New York,
Massachusetts, Connecticut, Rhode Island, New Hampshire, Vermont, and Maine).
There were 20 questions in the survey, and it started with an informed consent form to ensure
confidentiality and transparency to the respondents. Nine of the questions were multiple-choice questions
used to understand the survey demographics based on job, experience, age group, harvest area, and land
ownership. Eight questions asked the respondents to make their responses on a sliding bar to record their
responses between -10 to 10 to express the extent that they agree/disagree with several statements related
to woody biomass harvest and utilization. The sliding bar questions can be used to yield results that are
robust for predictive parametric predictions (Fryer and Nakao 2020). These questions focused on aspects
such as reasons for harvesting woody biomass, market opportunities, effect of various ecological and
economic factors, future expectations for five years, and major constraints of woody biomass harvesting.
Two of the sliding bar questions inquired specifically about SDT which was intended to understand the
mean proportion of SDT in total woody biomass harvested, various SDT harvest, and use. Responses to
questions were not mandatory; hence, the respondents could either leave the questions unanswered or select
the option “not applicable”. The survey ended with two open-ended questions where the respondents had
the opportunity to express their comments on topics in detail and raise other topics that were not included
in the survey (see Appendix I for survey questionnaire).
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Invitations to respond to an online questionnaire administered through the survey platform
Qualtrics were distributed to more than 2,000 forestry professionals in the Northeast US via email and mail
following common survey design and sampling methods (Dillman et al. 2014). A total of 830 emails and
1207 postal addresses were used to contact potential respondents from January to March 2021. The contact
information (email and postal address) of the foresters and loggers sampled for the survey were obtained
from publicly available directories of stakeholder organizations. Participation in the survey was voluntary,
and the identity of the respondents was kept anonymous. There were no physical incentives provided for
participating in the survey. The targeted mean survey completion time was less than ten minutes to increase
completion and avoid straight-lining (Revilla et al. 2017). Two reminder emails were sent to the nonrespondents with an interval of 20 days. The questionnaire and survey approaches were approved by the
University of Maine Institutional Review Board for research on human subjects prior to being disseminated.

2.3.1. Statistical analysis
Statistical analysis was conducted on all applicable questions to understand how perceptions and
constraints of woody biomass harvesting varied across respondents. The analysis was performed using R
(Core Team 2021; version 4.1.1). The mean agreement scores (average of the responses for sliding bar
questions that ranged from -10 to 10) of the responses, standard errors (SE), and number of responses were
reported for each question. Multiple tests were performed to test the significance in the study; hence, to
reduce the chance of false positives (García 2004), the p-value of 0.01 was set as the significance level for
all tests performed in the study. The figures showing the mean agreement scores and ninety-nine percent
confidence intervals for three questions that enquired about the reason for woody biomass harvesting,
applications for woody biomass, and major constraints, were created using ggplot2 package (Wickham
2016).
Single-sample t-tests were conducted with each of the mean agreement scores to test if the overall
means of the responses included zero. That is, if there is a significant difference from zero for positive mean
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score, then there is an overall agreement and vice versa. Levene’s test was used to ensure equal variances
between different job and experience categories because of the variation in the number of respondents in
each group (Parra-Frutos 2013). Two-way ANOVA with interaction was used to test if there is a significant
difference in responses between different job and experience categories. The respondents were classified
into three job categories: foresters, loggers, and others. The category others included those respondents who
identified as other forestry related jobs (e.g., procurement, conservationist, landowner, forest technician,
etc.). The years of experience was categorized into three; more than 30 years, 20 to 30 years, and less than
20 years. Tukey’s test of multiple comparisons was used to make pairwise comparisons and identify the
group levels means that varied significantly.
The respondents were also asked to provide responses to two open-ended questions, which were
analyzed using standard qualitative methods. First, responses were independently coded and grouped into
common themes that were frequently brought up by the respondents. This was done by two researchers
separately. Second, the researchers compared and contrasted their findings to jointly converge to a final list
of key themes (Braun and Clarke 2006; Maguire and Delahunt 2017). The common thoughts and criticisms
have been utilized in the discussion to substantiate the results obtained in the survey. Key responses for the
four primary themes that emerged from the study were then summarized, and representative comments
were reported as recommendations for policymakers.

2.4. Results
2.4.1. Survey demographics
The survey had a response rate of 27% for email-based contact and 4% for the mail mode. Of the
300 responses received, 90% fully completed the survey, resulting in a total response of 270. The responses
that did not consent and those who did not complete the survey were excluded from the analysis. The survey
response showed that foresters (70%) constituted the majority of respondents followed by loggers (17%)
and others (12%) (Table 2.1). Most of the foresters and loggers worked in multiple states; however, the
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highest number of respondents worked in Maine (25%), followed by New Hampshire (23%), Vermont, and
New York (17% each). About 49% of the respondents (n=131) owned forest land of which, 65% of them
owned less than 202 ha and 22% owned more than 809 ha of forest land. The average size of a harvest
operation was reported to be between 20 and 40 ha (43% of the responses), followed by less than 8 ha
(41%). About half of the respondents (n=134) had more than 30 years of experience in their respective field
of occupation and 44% of the total respondents were above 60 years of age. About 53% of the respondents
worked for non-industrial private landowners.
Table 2.1. Number of respondents in each job and their respective experience, age, area owned, harvest size, and
haul distance categories.
Categories

Levels

Forester

Loggers

Others

Total

< 20

57

11

11

79

Experience

20 to 30

33

16

5

54

(years)

> 30

98

19

17

134

Total

188

46

33

267

< 30

6

1

1

8

30 to 40

31

10

3

44

Age

40 to 50

31

14

6

51

(years)

50 to 60

25

14

7

46

> 60

95

7

17

119

Total

188

46

34

268

< 40

22

10

10

42

40 to 202

23

9

11

43

Area owned

202 to 405

4

4

0

8

(hectares)

405 to 809

5

2

2

9

> 809

19

3

7

29

Total

73

28

30

131

12

Table 2.1 Continued.
< 20

77

19

15

111

Harvest size

20 to 40

86

18

12

116

(hectares)

> 40

18

8

2

28

Total

181

45

29

255

< 32

3

0

2

5

32 to 64

32

11

5

48

64 to 97

50

11

4

65

97 to 129

44

7

8

59

129 to 161

24

3

0

27

>161

12

5

4

21

Total

165

37

23

225

Haul Distance
(kilometers)

2.4.2. Objectives and scope of woody biomass harvesting
Respondents were asked if logging residues were removed (harvested, extracted to the landing,
processed, and hauled from the harvesting site) during a typical harvesting operation. Only 17% of the
responses had harvest residues always removed and 15% of the responses had the harvest residues always
processed at the landing. More than half of the responses (52%) showed that the average hauling distance
to the processing facility was less than 97 km and most of the responses (29%) reported that the average
hauling distance between 64 and 97 km.
The respondents were provided with ten statements regarding the objectives of harvesting logging
residues (Figure 2.2). There was a significant and positive agreement (p<0.001) among the respondents that
a major reason for woody biomass harvesting was to meet the landowner objectives with an average
agreement of 5.74 (SE=0.47; n=139). Harvesting woody biomass for aesthetic value of the site has the
second consensus with a mean score of 4.31 (SE=0.35; n=218) followed by, woody biomass harvesting
operations being conducted even if the operation was at financial loss (mean=3.03; SE=0.39; n=180),
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woody biomass was harvested to diversify (mean=2.50; SE=0.47; n=139) and strengthen (mean=2.28;
SE=0.41; n=119) business, and reduce the wastage (mean=1.70; SE=0.44; n=188).

Figure 2.2. Respondent’s agreement (greater than zero) and disagreement (less than zero) towards the provided
reasons for woody biomass harvesting showing the mean with 99% confidence intervals. The scale ranged from -10
(strongly disagree) to 10 (strongly agree).

The magnitude of the agreement varied between different job and experience categories for certain
statements. Two-way ANOVA showed that there was a significant difference between job (p<0.001) and
experience categories (p<0.001) for harvesting woody biomass for aesthetic value. Tukey test showed that
the agreement was stronger among loggers than foresters and others (Figure 2.3). Similarly, the strength of
agreement for harvesting woody biomass for aesthetic value was highest for respondents with 20 to 30
years followed by more than 30 years and less than 20 years (see Appendix II for the complete Tukey test
results). There was a significant difference among the job categories for harvesting woody biomass for
reducing wastage of renewable resource (woody biomass) such that, foresters had least agreement than
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loggers and others. Even though there were variations in the agreement between different job and
experience categories, all the averages were showing the positive agreement except when the respondents
were asked if there is profit (p<0.001) from woody biomass harvesting (mean=1.33; SE=0.44; n=188).
There were no significant agreement or disagreement for harvesting woody biomass to be competitive in
sales (p=0.186), to increase total profit (p<025), and encouraged by others (p<0.109).

Figure 2.3. Showing the results of Tukey test of multiple comparisons of the means for various reasons for harvesting
woody biomass. The results shown as boxplots for different job categories and the difference in average response
indicated by letters (a and b).

The survey responses showed coherent disagreement towards the future of woody biomass
harvesting. That is, in the next five years the respondents had little hope on improvements in the current
market scenarios (mean=-3.19; SE=0.34; n=230), increases in the production and utilization of woody
biomass (mean=-2.80; SE=0.35; n=235), and more policy incentives in the future (mean=-2.09; SE=0.35;
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n=216) for harvesting woody biomass. However, the respondents agreed that current woody biomass
harvesting policies play a crucial role in reducing the amount of woody biomass harvesting in the region
(mean=2.86; SE=0.43; n=204) such that the number of pre-commercial thinning operations (mean=2.57;
SE=0.41; n=184) have reduced significantly (p<0.001) in the recent years. The respondents agreed that if
there are improved markets, woody biomass harvesting will surge (mean=5.40; SE=0.33; n=233).
Factors such as changes in the processing facilities (mill closures and processing facilities),
biological changes (insects, pests, diseases, and species composition), machine availability, and harvesting
regulations did not have any significant impact on woody biomass harvesting (Figure 2.4). There was a
uniform response from various job and experience categories resulting in much wider confidence intervals
and having neither agreement nor disagreement from the recent economic and ecological changes (Figure
2.4).

Figure 2.4. Amount of woody biomass harvesting responses for changes in processing facilities, biological change,
machine availability, and harvest regulations by job category. A value of -10 indicated strongly reduced harvest and
10 indicated strongly increased harvest.

16

2.4.3. Applicability and constraints
Among the options for the applicability of woody biomass, there was a significant and positive
response for utilization in bioenergy production (mean=6.24; SE=2.8; n=242) and institution heat
(mean=6.12; SE=0.28; n=243) (Figure 2.5). Among the ten different and individual (response of one did
not affect the other) choices, the overall responses showed a significant agreement towards the applicability
of woody biomass for all purposes except for particle board. The respondents were relatively neutral about
using woody biomass products for particle board (mean=0.85; SE=0.48; n=183). The applicability towards
making composite wood products varied between various job categories and Tukey’s test showed that
loggers had a significantly higher agreement than foresters (Figure 2.6). Similar trend was observed such
that, loggers had a stronger agreement compared to foresters in the applicability of mulch and compost. The
applicability towards making pellets varied between various experience categories and Tukey’s test showed
that respondents with less than 20 years had a strong agreement than more than 30 years experienced
respondents. Even though there were significant agreement towards the applicability of woody biomass in
other applications, the strength of the responses decreased for other application such as mulch (mean=5.06;
SE=0.30; n=209), compost (mean=3.93; SE=0.38; n=180), liquid biofuel (mean=2.57; SE=0.50; n=162),
biochar (mean=2.53; SE=0.53; n=158), composite wood products (mean=2.08; SE=0.47; n=181), and paper
mill (mean=1.69; SE=0.45; n=206).
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Figure 2.5. Mean and 99% confidence interval for comparing the perceived applicability of woody biomass with a
scale ranging from -10 (strongly disagree) to 10 (strongly agree).
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Figure 2.6. Job categories showing difference in magnitude of agreement for the applicability of woody biomass

The lack of markets for woody biomass was found to be the largest constraint to harvesting
woody biomass, with an average positive response of 7.33 (SE=0.25; n=237) followed by trucking distance
(mean=5.91; SE=0.29; n=221), lack of incentives (mean=4.97; SE=0.36; n=169), production cost
(mean=4.22; SE=0.33; n=203), machine cost (mean=4.18; SE=0.33; n=199), sensitive ground (mean=2.02;
SE=0.40; n=184), residual stand damage (mean=1.66; SE=0.42; n=184), and landing space (mean=1.11;
SE=0.38; n=188) (Figure 2.7). Overall, the respondents slightly disagreed that the operator experience was
a constraint in harvesting woody biomass (mean=-1.40; SE=0.45; n=149). ANOVA results showed that
there was no variation in the agreement between any of the job and experience categories regarding the
constraints to harvesting woody biomass.
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Figure 2.7. Mean and 99% confidence intervals for major constraints in woody biomass harvesting. The scale ranged
from -10 (very low constraint) to 10 (very high constraint).

2.4.4. SDT in woody biomass
The responses showed that, on average, 24% (SE=1.32; n=216) of the total harvested woody
biomass is composed of SDT (Figure 2.8). There was significant agreement among the respondents
(p<0.001) that there are few facilities that accept SDT (mean=4.97; SE=0.37; n=196). In most scenarios,
SDT are either left unharvested within the stand (mean=4.71; SE=0.31; n=229) or harvested and not
extracted to the landing (mean=2.93; SE=0.380; n=222). A majority of the respondents have experience in
working in SDT stands (mean=3.96; SE=0.38; n=215), and when asked if the cost of harvesting SDT is
trivial, most of the respondents disagreed indicating that the harvesting cost of SDT has a substantial role
in the economic feasibility of the operation (mean=-2.56; SE=0.40; n=214). Even though the respondents
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disagreed that there was a high proportion of SDT in an average harvested stands (mean=-1.14; SE=36;
n=209), the strength of the overall disagreement score was least among all the significant responses.
Respondents neither agree nor disagree if SDT as part of the operation are harvested along with sawlog
(mean=-0.36; SE=0.41; n=225) or pulpwood (mean=-0.35; SE=0.41; n=226).

Figure 2.8. Histogram showing the percentage of responses for the average percentage of small diameter trees (SDT)
in harvested woody biomass for each job category.

21

2.4.5. Recommendations for improving woody biomass harvest
About 89% of the respondents provided their perspectives on improving woody biomass harvesting
and other major concerns that were not addressed in the survey. Often, many of the responses contained
multiple topics and suggestions. In general, logging residue harvesting in the Northeastern US cost more
than revenue earned (Louis and Kizha 2021). The responses were compiled into four categories: policy
options, market infrastructure, potential impacts, and forest management benefits (Figure 2.9). Overall, the
respondents felt there should be more incentives for woody biomass harvesting in the region because
currently, there are no support from the government and the public while considering the importance and
potential of this raw material. Many noted that better awareness regarding the importance of sustainable
woody biomass harvesting is essential and harvested woody biomass should be given equal importance as
other renewable sources of energy.
A majority of the respondents reported that the lack of markets and the need for more infrastructure
as one of the crucial aspects for improving the current situation. The respondents emphasized that woody
biomass is a renewable resource and has advanced applications for energy generation such as bioelectricity,
combined heat and power, pellets, liquid biofuels, biochar, composite materials, and whole timber
construction. Even though there were high number of responses demanding for markets and policy
improvements, some of the responses raised the need for a better understanding of potential impacts of
removing woody biomass on residual stand, soil, biodiversity, forest productivity and health,
overexploitation, and ecosystem services. In contrast, others noted that there should be multiple solutions
based on forest management and silvicultural strategies to address the impacts. The responses also indicated
that further studies on the forest health and ecological footprint of harvesting and removing woody biomass
is necessary.
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Figure 2.9. Recommendations based on the most frequently mentioned topics from the survey respondents.

2.5. Discussion
2.5.1. Demographic representation
More than 70% of the respondents had above 20 years of experience, suggesting that the general
perceptions of experienced woody biomass producers in the Northeastern United States were well
represented. The survey demographics also shows an aging workforce in the region (Bolding et al. 2010;
Koirala, Kizha, and Roth 2017), which can pose a challenge to the forest management and logging industry
in terms of shortage of skilled labor force (Koirala, Kizha, and Roth 2017). Under the circumstances of
aging work force and labor shortages, a deeper understanding of the concerns and issues of forest woody
biomass producers is crucial in addressing aspects of sustainable forest management (Marchi et al. 2018).
The survey results showed a high number of respondents working for private landownerships (i.e., nonindustrial and industrial), which is well-aligned with the fact that there is a high proportion of privatelyowned forest land in the Northeastern US (Sass et al. 2021).
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About 87% of the survey respondents constituted of foresters and loggers (70 and 17%,
respectively). This is in contrast with most of the surveys done in the US, which often have forest
landowners as the majority of respondents (Fielding et al. 2012; Abbas et al. 2018). Our respondent rate is
a result of design, as the sample consisted of licensed foresters and logging professionals listed in local
databases. Most of those who responded as “landowners” were also current or former foresters or loggers.

2.5.2. Factors impacting woody biomass harvesting
A major reason for woody biomass harvesting in the region was to satisfy the landowner objectives
and improve aesthetic values, even if the operation was not economically feasible. For small-scale private
landownership, management objectives often prioritize aesthetics, recreation, and legacy values when
harvesting SDT dominated stands (Damery et al. 2009). Our results showed that when harvesting biomass
for aesthetic value, loggers and highly experienced respondents had a strong level of agreement.
Throughout the study, the average responses varied more between different job categories than between
experience categories such that loggers had stronger agreements for the reasons for harvesting and
applicability of biomass (Figure 2.3).
Respondents indicated that there was minimal profit from harvesting woody biomass due to the
increased cost of harvesting and delivering biomass to the processing facilities. The travel distance to
processing facility from the harvest site was between 32–129 km for 76% of the respondents (Table 2.1).
One experienced Maine logger noted that “The cost to buy from the landowner, process it into biomass and
truck it to the mill is a break-even point. There is zero profit in it and a lot of risk”. Trucking is usually the
most expensive phase in biomass harvesting and can account up to 50% of the total operational cost (Pan
et al. 2008a; Kizha et al. 2015). About 21% of the respondents had a travel distance of more than 129 km,
although energy densified products from advanced biomass conversion facilities can be transported to much
longer distances (Kizha and Han 2016; Paulson et al. 2019). Efficient trucking of woody biomass is also
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possible by reducing the moisture content, and increasing the energy content, comminution to finer particles
(Kizha et al. 2015; Kizha et al. 2018).
The results also showed that pre-commercial thinning operations – which primarily harvest woody
biomass – have reduced in the recent years due to lack of markets. These stand enhancing activities are
intended to increase the future yield, as noted by another experienced logger: “Biomass is a great way of
offsetting the costs of pre-commercial thinning operations”. With more processing facilities in the region,
the trucking distance could be reduced thereby improving the economic feasibility (Han and Murphy 2012).
Policies, markets, and number of processing facilities usually impacts the amount of biomass harvested;
however, our survey results showed improving these factors would increase woody biomass harvesting.
This could be due to the local nature of these impacts, which would not have shown up in regional study.
For example, a Maine-only survey reported that the recent closures of several pulp/paper and power plants
was one of the major factors that affected the forest products markets ((Koirala, Kizha, and De UriosteStone 2017). Crandall et al. (2017) reported that these mill closures in Maine had a significant impact on
the economy of the state, but that these changes were mostly affecting only parts of the forestry industry.
The effect of recent changes was not tested based on the location of the respondents as most of the
respondents in the survey were working in multiple states.
Our survey also found that the effect of change in the biological factors such as insect, pest,
diseases, and species composition did not affect the amount of woody biomass harvested. Even though
there was no significant positive or negative response, the effect could vary depending on the characteristics
of the change, including the intensity and distribution of the impact (Figure 2.4).

2.5.3. Applicability obscured by constraints
When prompted to rank applications of woody biomass in the region, the most agreed upon option
was bioenergy, which has historically been the dominant use (Figure 2.5). The raw materials utilized for
institution heat was ranked second, which constitutes comminuted and converted biomass materials (Faaij
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2006; Anca-Couce et al. 2021). The results shows that there is sound awareness among respondents
regarding the historical applicability of biomass for bioenergy production, however, the strength of
agreement decreased for other products – many of which are still emerging as a potential use – such as
liquid biofuels, biochar, composite wood, pulp feedstock, and particle board. This could be the reflection
on the general market conditions and processing facilities in the region along with a lack of awareness
regarding latest technologies. In the Northeast, biomass chips and pellets have been traditionally used for
institution heat since the early twentieth century (Biomass energy service team 1989; Irland 1999), whereas
other advanced technologies such as biochar and liquid biofuel have few manufacturing facilities in the
region. Moreover, the demand for wood pellets has increased tremendously over the recent years compared
to that of liquid biofuels and biochar (Brown and Le Feuvre 2017; Thrän et al. 2017; Reid et al. 2020).
Utilizing woody biomass for manufacturing composite wood products such as wood plastics, composite
wood products, and as construction materials are gaining global attention (Tisserat et al. 2017; Bukauskas
et al. 2019). As noted by a forester, “We need new and diversified markets, as the use of existing standalone biomass plants to solely produce power is not feasible currently”.
The cost components such as production, machine use, and trucking were also major constraints in
harvesting woody biomass in the Northeast. A Vermont logger noted that, “Biomass fuel prices are
unsustainably low. This dynamic is bleeding out the equity of the forest economy supply chain”. While
availability of equipment was not found to be a major constraint, the associated cost of producing
(harvesting and transporting) woody biomass might not break even, particularly at recent price levels (Pan
et al. 2008b; Harrill and Han 2012). There is little debate that woody biomass is considered as low value
product and the harvesting operation is often not economically feasible, due to lack of robust markets in the
region (Whalley et al. 2017).
Site conditions such as sensitive ground, residual stand damage, and landing space we noted to be
less of a constraint even though these aspects are crucial factors in determining the harvesting cost of an
operation (Soman et al. 2019; Kizha et al. 2020; George et al. 2021; Kizha et al. 2021; Louis and Kizha
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2021). Similarly, operator experience was not a constraint in harvest decision making, indicating
availability of experienced workforce. This latter finding is consistent with the demographics of our survey
respondents, many of which had 20 or more years of experience.

2.5.4. Small-diameter tree composition
The variation in the response regarding the percentage of SDT in total volume of woody biomass
harvested reflected that in most cases, SDT was either left unharvested or harvested, but not extracted to
the landing. The results also showed that in a typical woody biomass harvesting operation SDT was a
predominant constituent (24% of the total woody biomass harvested) however, SDT-dominated stands were
seldom candidates for harvesting. This can be substantiated by respondents reporting reduced precommercial thinning operations in the recent years. One experienced New Hampshire forester noted,
“There are a lot of stands needing the low-grade volume to be removed to improve overall stand health
and productivity due to poor past treatments as a result of high grading when markets were favorable”.
Hence, the results indicate that tackling the constraints in biomass harvesting could also bring about
improved management practices for SDT dominated stands which are currently managed sub-optimally.
The economic challenges encountered by forestry professionals in the field is consistent across the
region. The results are in accordance with the FIA data that reported that there is a major amount of SDT
in the forest stands and also in the harvested volume of wood (FIA 2014, 2019). A majority of the
respondents had experience operating in SDT dominated stands and agreed that there are very few
processing facilities that accept SDT.

2.5.5. Recommendations for improving woody biomass harvest
2.5.5.1. Policy options
The respondents suggested various policy options for incentivizing biomass markets such as
increasing, strengthening, and deregulating markets and infrastructure; increasing delivered price for the
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feedstock; promoting a business-friendly environment; conducting regional risk-based assessments; and
developing broader public outreach and education around sustainable biomass. Hence it is important to
inform the policy makers regarding the tradeoffs of biomass harvesting in the Northeast. For example, one
Massachusetts landowner noted that “Policy makers need to know the benefits of burning biomass. Many
fear, without evidence that burning biomass is bad for the environment; but neglect to acknowledge the
harmful effects of oil and gas, and how biomass enhances the aesthetics of forest management”. Another
logger mentioned, “There needs to be incentive from the state to develop markets for the product and to
further support biomass electricity plants. There is absolutely no reason to be clearing forests for solar
panels when we can selectively harvest and regrow energy for generations... Biomass energy should be
given a lot of credit for being renewable".
Many responses indicated that biomass in the region was not considered renewable by federal
policy standards because majority of the feedstock came from naturally regenerated stands. Many noted
that there needs to be an improved definition that qualifies woody biomass from timber harvesting
operations in the region to meet the standards of renewable sources set by the U.S. Environmental Protection
Agency (US EPA 2015). One experienced forester noted that “… the alteration in the definition would make
biomass a suitable source of raw material that meets biofuel standards for biofuel that would qualify for
RINS1…” and that “… biomass should treat biomass as wind, solar and other "renewables". The forest
industry would benefit mightily is these issues were resolved”.
Our survey responses also reflected that better appreciation is required by policy makers to reflect
the economic value of biomass products to make significant progress. Many respondents called for
increased government support and incentives in terms of more policies that encourage private businesses
to invest in the biomass-based technologies. The harvesting of woody biomass also needs to be incentivized
for operations to break even under the current scenario due to lack of markets. Some respondents also

1

Renewable Identification Numbers (RINs) under the Renewable Fuel Standard (RFS) Program
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mentioned that more detailed analysis and understanding of the effect of biomass harvesting on both forest
health and regional economics is necessary. Biomass harvesting receives minimal appreciation from the
local communities, politicians, and policy makers and hence they should be made aware of the need for
sustainable biomass harvesting. The general public and the policy makers also need to be better informed
about the potential benefits of sustainable woody biomass harvesting. One Maine logger suggested, “We
should increase demand for it (biomass) by educating public to its potentials starting with it being a
renewable carbon neutral resource. Have it receive some of the same excitement and incentives that wind
and solar are getting and then it can compete with them by adding higher value uses after a reliable
production chain is in place. Educate landowners that it is a tool to grow higher value products. Loggers
should be responsible with that tool”. Another respondent with more than 30 years of experience noted,
“Before we can hope to gain traction on increasing the perception and value of biomass, the public needs
to be educated as to the values, and their misconceptions of proper forest management. Utilizing biomass
harvesting as one of the tools in our toolbox to do proper management, needs to be appreciated”.
Public awareness should also be bolstered in addition to government policy makers. One forester
from Connecticut highlighted that “There is a very strong anti-biomass sentiment in the general public.
The public must become allies in the movement to increase biomass harvesting and utilization from forests
in the Northeast.” This statement is well aligned with the ongoing global debate about whether biomass is
‘sustainable’, particularly with regards to its utilization for low-carbon bioelectricity (Cowie et al. 2021;
Titus et al. 2021).
Respondents were not unanimous in their call for government provide financial assistance to
encourage biomass harvests. As one experienced forester suggested, “Harvesting biomass should be
outlawed unless free from government subsidies economically justifies it… Leave it in the wood where it
belongs… free enterprise will find solutions for utilizing wood that is high grade until it goes in the chipper
and comes out low grade”. Thus, there should be caution when deciding how to best allocate scarce
resources intended to maximize the overall well-being and functionality of the regional forest sector.
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2.5.5.2. Market infrastructure
There were multiple responses indicating the lack of existing markets for biomass and thus the need
to identify new markets to enhance the demands of the biomass products. Increased trucking costs due to
long distance transport of harvested biomass material was also related to markets. There is high potential
for boosting the economic value of biomass in the region by improving, expanding, or finding new markets.
Currently, there is an abundant source of woody biomass; however, they are typically left at the site – most
often because there is a low to no return on investment from doing anything else. The responses indicated
that the current management practices are not optimized for utilizing biomass. One experienced logger
suggested, “Make sure current biomass markets can be competitive. Solar and wind are subsidized and
create much lesser long-term jobs. With mill closures, forest management will be high graded due to a lack
of markets for low grade wood creating disease and fire hazards similar to the western US”.
The economic value can also be strengthened by infrastructure developments that utilize advanced
technologies such as liquid biofuel, CHP, electricity, pellets, small-scale biochar, wood composites plants
in the region (Han et al. 2018). A New York forester suggested that “We need pilot energy or fuel plants
incentivized by government”. Horizontal integration of various advanced technologies utilizing woody
biomass could reduce the carbon footprint too. One logger noted that the region “…should be trying to
attract businesses that will make bio plastics. Maybe locate these next to struggling biomass plants that
could provide the electricity and provide a complete low carbon competitor to oil which could demand the
premiums they need to compete”.
There is high willingness to produce woody biomass, but only if market opportunities exist. This
is consistent with another recent study conducted in Maine, which found that there is a broad willingness
among non-industrial private landowners to provide biomass for bioenergy but there is high concern for the
value for woody biomass products (Neupane and Rubin 2017). One of our loggers noted that “It used to be
a huge part of our business and now is almost never an option due to reduced mill availability and lack of
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pay for producing it. We could easily take care of it if there was something to do with it that covered the
cost of removal. We keep hoping for alternative markets to start to pop up like we've been hearing for a
few years now, but it's just not looking promising”. Another forester stated that “… Constraints are not
crew based but supply-heavy with dwindling markets”.
Some noted that landowners – particularly small forestland owners – are interested in the aesthetic
value improvements through woody biomass harvesting. As one Maine logger noted, “Cleaning up biomass
is particularly important in the southern part of Maine as the woodlots are smaller and more privately
owned. Landowners in this part of the state care more about the aesthetics of their woodlot”. In response,
biomass harvesting could potentially be expanded through promotion in this somewhat niche market.
2.5.5.3. Potential impacts of woody biomass harvesting
Even though majority of the responses were in favor of increasing biomass harvesting, there were
some concerns regarding the negative impacts of removing woody biomass during a timber harvesting
operation. For example, dramatically improved markets and increased economic feasibility could result in
the over exploitation of the natural resource, there by degrading the forests in the region. Some respondents
raised the positive effects of retaining harvested biomass in the stand through various ecosystem services
such as aesthetics, forest health, and biodiversity, which is consistent with other literature and sustainability
standards (Titus et al. 2021). As one forester noted, “A far greater value is provided to a forest by leaving
biomass (SDT, tops etc.) in the forest. It is not worth the negative impacts to the forest and soils of extracting
this material. The biomass left after the harvest supports an array of organisms including fungi,
invertebrates, larger flora & fauna”. Concerns were also raised regarding the impacts on residual stand
such as nutrient depletion, regeneration success, and other impacts. For example, a New York forester noted
that “Subsidizing biomass utilization is the best way to remove the most nutrient rich portion of the tree
from the site and allow deer to eat every single seedling on the property. Tops return nutrients to the soil
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and discourage deer from browsing regeneration. Should be leaving everything smaller than 10 inches in
the woods, unless clearing the site for development or farming”.
The available equipment in the region could aggravate the impacts on woody biomass harvesting.
This was supported by at least one forester, who noted that “We have greatly reduced our use of biomass
harvesting due to low values and the negative impacts on the residual stand, especially the soils and
advanced regeneration. The benefits of thinning very young and overstocked stands are rarely available
due to the size of the equipment required for today's biomass harvesting systems and the need to generate
large volumes of biomass quickly to meet desired economic outcomes. The equipment to address biomass
harvests is the largest and most expensive to harvest the lowest value product. The footprint of biomass
harvesting is too impactful for many sites and forestry objectives”. Another forester had a similar
perception, stating that “The damage to ecosystems and soil structure by the oversized machinery utilized
is stealing the future value of the forest from landowners”.
2.5.5.4. Forest management benefits
Many of the responses stressed the importance of benefits from sustainable forest management
related to woody biomass harvesting such as improving residual stand productivity in SDT dominated
stands and enhancing the aesthetic value of the site. However, the responses also implied that there is no
one solution to the problem, but multiple options available. This highlights that a detailed understanding is
often required for decision making regarding woody biomass harvesting.
Biomass management requires tactical and operational-level management solutions that are tailored
for the long run. As one experienced forester noted, “The management outcomes need to be determined for
any given land first and then the harvesting system determined after. Biomass harvesting does not
automatically mean an increase in a positive silvicultural outcome. We need a suite of harvesting systems,
robustly used to implement the appropriate management on any given landownership”. Biomass harvesting
is also a potential tool for enhancing future stand conditions, thereby improving overall forest and
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ecosystem health. A forester from New York suggested that “Long term forest sustainability would benefit
from expanded Timber Stand Improvement (TSI) opportunities/markets”, while another logger noted that,
“we cannot invest in people and best practices, or reinvest in our equipment, with unprofitable markets for
such high volumes of low-grade removal required to meet the goals of forest management plans”.
Our survey found that there was relatively high agreement on the need to have consistent access to
low-grade markets in the region to promote sustainable forest management. Further, many noted that this
access was needed more than ever. One experienced forester summed it up by that “The lack of having
these low-grade markets to send poor quality wood to is going to allow for further high grading by
contractors and landowners who remain in existence to be able to survive. Harvesting and utilizing low
grade is crucial and is a viable tool in the box that we absolutely need, and it is disappearing rapidly! I
strongly feel we are talking to ourselves about the situation, but no one is taking action to help come to
some solutions. I don't think there is one sole answer, rather than we need multiple small solutions. We
have been spoiled with biomass and pulpwood in the past and have essentially put our eggs in two big
baskets, which are now and the verge of disappearing”.

2.6. Conclusions
Woody biomass is a potentially valuable renewable feedstock that needs to be sustainably utilized.
The nearly 270 respondents from our regional survey of forest managers and loggers largely agree that there
is vast amount of biomass available in the Northeast US. However, the currently low-value and high cost
of producing biomass can largely be attributed to the lack of incentives, market, and infrastructure
constraints. There were no significant differences in the responses between different job and experience
categories, showing that there was an overall agreement by both groups. The study showed that there are
currently limited financial benefits from biomass harvesting, and that biomass is harvested mostly to satisfy
the landowner objectives and for aesthetic values. Among the applicability of biomass, the highest positive
response was for bioenergy, highlighting respondents’ knowledge of and reliance on historical uses as
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opposed to more emerging options such as liquid biofuels and biochar. The lack of markets and high cost
for delivering the products were the major constraints. The recommendations provided by the respondents
strongly emphasize on the need for better markets and more policy incentives for biomass harvesting. We
recommend extending the promoted application of biomass and SDT beyond historical uses, thereby
diversifying the potential use and increasing overall value. Doing so is likely to lead to several ancillary
benefits to the region’s forests and forest-dependent economies.
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CHAPTER 3
FACTORS AFFECTING OPERATIONAL COST AND PRODUCTIVITY OF GROUNDBASED TIMBER HARVESTING MACHINES: A META-ANALYSIS
3.1. Abstract
Purpose of review Optimization of cost and productivity is an important aspect of sustainable timber
harvesting which have global level implications on renewable energy, climate change, carbon sequestration,
and biodiversity. Major operational level managerial decisions associated with stump-to-truck timber
harvesting activities are made at the stand level. The primary goal of this study was to identify and estimate
the relationship between cost and productivity of ground-based mechanical harvesting with key variables
and evaluate the variance composition at the stand, country, and continental scales. We followed a metaanalysis approach to gather data for 439 individual machines from 53 scientific studies conducted in 19
countries. Boosted regression trees and hierarchical mixed-effects regression were used to identify and
determine the effect of the major variables.
Recent findings Average stem size (cm), harvest unit size (ha), and harvesting process were important
variables that influenced both harvesting cost and productivity. In addition, harvesting cost (US$ m-3) varied
significantly with tree height and country while, harvesting productivity (m3 PMH-1) was mostly influenced
by machine rate (US$ PMH-1) and utilization (%). Higher tree height reduced harvesting cost. High stem
size and machine rate both increased harvesting productivity even after accounting for the geographical
variations.
Summary The variability in harvesting cost decreased with changing geographical scale from stand to
continent, whereas the productivity variation was highest at the continent level and least at the country
level. This study provides insights for forestry stakeholders and future research indicating that, the variance
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structure and stand level characteristics of harvesting cost and productivity should be considered for
comparisons and decision-making in timber harvesting operations.

3.2. Introduction
Timber harvesting is an essential part of sustainable forest management, which has multi-scale
implications on climate change, carbon sequestration, renewable energy production, and biodiversity
conservation (Kizha and Han 2015a; Blanco et al. 2017; United Nations 2017; Daigneault et al. 2019). Cost
and productivity are key elements that determines economic feasibility of timber harvesting operations
(Soman et al. 2019; Louis and Kizha 2019). Forest stands are the basic management unit for which most of
the silvicultural decisions, including a timber harvesting operational plans, are made (Ashton and Kelty
2018). Even though stands are results of single cohort of trees with similar parameters (species distribution,
age class, tree size) and other site characteristics, the magnitude for each of these stand and site
characteristics differ widely, making stand level management decisions complicated (Oliver and Larson
1996; Kershaw Jr et al. 2016). Based on variations in stand parameters and site characteristics, the
harvesting cost and productivity can also fluctuate.
At the stand level, multiple variables such as site, stand, operational, and silvicultural characteristics
govern the variability in timber harvesting cost and productivity. There are several variables within these
factor groups that are correlated (Hiesl and Benjamin 2013a) for example, species composition and harvest
method are related such that, in single species stands, clear cutting is prescribed as a cost-effective practice
because of higher productivity than partial harvesting (usually common in mixed-stands) (Hiesl and
Benjamin 2013a). Stand parameters such as average tree size, stand density, along with site characteristics,
are used by land managers to make the silvicultural decisions such as the number and volume of trees
removed (Ashton and Kelty 2018). Hence, there is a need to understand how site conditions, stand,
operational, and silvicultural variables affect timber harvesting cost and productivity.
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Each operational study is often conducted based on different sets of variables and could have been
the result of high variability in the timber harvesting cost and productivity reported (Pan et al. 2008b; Hiesl
and Benjamin 2013a; Soman et al. 2019; Soman et al. 2020). For example, Louis and Kizha (2021) and
George et al. (2019) reported the operational cost for a cut-to-length (CTL) method as 17.30 and 30.45 US$
m-3, respectively, even though both studies were conducted within same region in the US. An operational
study in the Northeastern United States reported that the harvesting cost is negatively influenced by
harvested volume and operator experience whereas, no significant relationship was observed for skid trail
distance, harvest area, and ground slope (Germain et al. 2019). In contrast, Adebayo et al. (2006) analyzed
operations in Northern Idaho and reported that trail distance, average diameter at breast height (DBH), and
machine configuration had significant influence on harvesting cost. Similarly, harvesting productivity of
CTL harvesting methods in Europe increased with larger stem size for harvesters, whereas forwarder
productivity was found to be closely associated with trail distance and equipment payload (Jiroušek et al.
2008; Proto et al. 2018a; Liski et al. 2020). However, the results from European studies also stated that
harvesting productivity of CTL equipment depended on several operational, stand, and site variables
(Malinen et al. 2016; Mederski et al. 2016; Moskalik et al. 2017). Even within a given continent, observed
harvesting cost and productivity can differ between countries. For instance, the cost of operating the same
type of feller-buncher in Finland, Italy, and France under similar operational conditions ranged from 18.86
to 28.35 US$ m-3, and productivity ranged from 4.32 to 7.29 m3 productive machine hour (PMH)-1 (Spinelli
et al. 2007).
To our knowledge, there have been only a few attempts to quantitatively analyze the impacts of
stand level variables on cost and productivity of timber harvesting at a global level. This can be attributed
to the large variability in the data from existing publications as well as the lack of a consistent set of reported
variables across studies. Spinelli et al. (2010) made a mathematical productivity model for Italy using
studies from 1998 to 2008. Whiteman (1999) created a model to calculate a total harvesting cost of roundwood, using discounted cash-flow and delivered wood price approach. Both these approaches estimated a
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total cost of producing a unit volume of round-wood from the harvesting systems used and did not use the
hourly machine cost method. Spinelli et al. (2016) analyzed a productivity of biomass harvesting in Europe
using quantitative methods for evaluating the effect on site characteristics, while Liski et al. (2020) studied
the productivity of harvesters in CTL operations in Finland. Hiesl and Benjamin (2013a) reviewed
operational studies over the period of 25 years with the objective of finding the applicability of various
logging operational systems and practices adopted in different parts of the world to that of situations existing
in the temperate forests of Maine, United States. Most of the studies predicting the harvesting cost or
productivity were for specific machine type, harvesting methods or geographical location (Gerasimov et al.
2012; Eriksson and Lindroos 2014; Liski et al. 2020).
There have been several consensuses on the variation of cost and productivity within a study or
between adjacent stands from an industrial and research perspective. In terms of volume, harvesting larger
trees reduces operational cost and increases productivity because of higher yield. Similarly, steeper terrain
tends to be more expensive than gentle or flat sites (Montgomery et al. 2016). Fragile soil conditions also
lower extraction productivity (George et al. 2019; Soman et al. 2019). However, most of the forest
operational research carried out are case studies with minimal comparison to other stands (i.e., little or no
replication), and the effect of stand characteristics on cost and productivity are seldom noticed (Proto et al.
2018b; Germain et al. 2019). Furthermore, there are variables that were not included in the previous case
studies or meta-analyses that require more detailed understanding and analysis, such as machine type, stand
parameters, and environmental variables (Eriksson and Lindroos 2014; Liski et al. 2020).
Studies on timber harvesting equipment began about a century ago, after which tremendous
changes have been made in most of the equipment even with many of them not being manufactured
anymore (Brinker et al. 2002; Dodson 2010). On the other hand, several new types of equipment are
emerging, with some being upgraded for better working capabilities. Some harvesting processes are more
common to certain geographical regions. For example, a baler is used in the western parts of US where
there is market for woody biomass and fire reduction operations are prevalent (Dooley et al. 2018) while a
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harwarder is mostly used in the Europe (Kärhä et al. 2018). Similarly, equipment use will vary based on
dealership services (e.g., maintenance and support), prevailing market conditions, and site characteristics.
There is a current need to understand the variability in timber harvesting cost and productivity with
respect to site, stand, operational, and silvicultural characteristics, which are common to all the harvesting
processes and has not been widely explored at a global level. The specific objectives of this study were to
1) identify variables that contribute most to the variability in the cost and productivity of ground-based
timber harvesting operations, 2) evaluate the effect of these identified key variables on the overall
harvesting cost and productivity, and 3) assess the hierarchical variability structure of harvesting cost and
productivity at three geographical scales (continent, country, and stand). To achieve this, we conducted a
meta-analysis that used two regression-based statistical methods; 1) boosted regression trees to assess the
relative impact of 19 variables on these responses and 2) a hierarchical linear mixed effects regression to
determine the effect of major variables at varying geographical scales.

3.3. Methodology
A detailed literature search was conducted using Google Scholar and OneSearch search engines
for forest operational studies published between 1995 and 2020 on timber harvesting cost and productivity
(Figure 3.1). Different combinations of key words such as "timber harvesting", "cost", "productivity",
“forest operations”, “machine rate”, “feller-buncher”, “skidder”, “forwarder”, “harvester”, and “processor”
were used for the literature search. A set of key words were initially used, and the search results were
reviewed using titles and abstracts until saturation (i.e., the continuous appearance of publications that were
already identified) was reached and the search was repeated using different combinations of keywords. The
selected articles were then reviewed in detail for harvesting cost and productivity data. Cross-checking of
the reference list of initially selected articles added 30 publications to the list of the articles that were
selected and reviewed.
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The set of criteria was used to select the studies for data collection and analysis were: 1) studies
published as peer-reviewed journals, conference proceedings, or reports between 1995 and 2020. Similar
to previous studies, a time period of 25 years was also set for this study due to major technological
advancement in timber harvesting post 1995 (Hiesl and Benjamin 2013a; Spinelli et al. 2016); 2) Research
articles that were selected were studies those reported the cost and/or productivity of each operational phase
and not the total values for the entire operation. Studies that reported only the total values for an entire
operation were not included because the number and type of machines varies in different harvest operations.
For example, a CTL harvesting can have two types of equipment, cannot be compared with another CTL
having three types or a whole-tree (WT) operation (Holtzscher and Lanford 1997; Adebayo et al. 2006). 3)
Published in English, which considerably reduced the number of articles from Scandinavian, central
European, and Asian countries (Spinelli et al. 2016); 4) Articles should report the stand level variables as
these are the explanatory variables used in the analysis (Table 3.1).

Figure 3.1. Flowchart showing the input, strategy, and output used in each of the study methods including literature
review, boosted regression trees, and hierarchical mixed effects.
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Table 3.1. Variables (stand, site, operational, and silvicultural) used in the analysis with description and number of
observations (n). Observations are individual values for individual harvesting process in a stand.

a

Variables

Variable
type

Description

n

Stand type

Stand

Natural stands with varying tree ages or managed stands
with similar age classes. Classified into natural stands and
plantations

439

Species

Stand

Dominant species in the stand reported in the studies
which was classified into soft wood/ hard wood/ mixed
wood

439

TPHA a

Stand

Number of trees per hectare

342

Age

Stand

Average stand age

262

DBH b

Stand

Average diameter at breast height measured in centimeter

367

Height

Stand

Average height of trees (meter)

234

BAHA c

Stand

Basal Area per Hectare

203

Product

Stand

Products are based on the type of wood harvested.
Roundwood, if sawlog or pulp wood; Small diameter trees
(SDT) if only wood chips; and integrated if both are
generated.

439

Area

Site

Area harvested in square meter

349

Trail
distance

Site

Average distance travelled by the primary transporting
machine (extraction)

38

Slope

Site

Average slope of the terrain, in percent

288

Prescription

Silvicultural

Silvicultural prescription indicating the removal of trees
from the stand broadly classified in to Clear-cut//Precommercial thinning/ Commercial thinning

439

Removal

Silvicultural

Volume of wood removed from unit area of land in cubic
meter per hectare

364

Harvest
method

Silvicultural

Based on the form of how logs reached the landing. In
WT, whole trees are skidded to the landing but in TL
processed tree-length logs are transported to the landing.
In CTL, processed and bucked logs are forwarded to the
landing

439

Machine rate

Operational

Cost of machine per PMHd in the field (US$ per PMH)

338

Utilization

Operational

Percentage of the scheduled hours which the actual work is
carried out

278

TPHA: trees per hectare

41

Table 3.1 Continued.
b
c

d

DBH: diameter at breast height
BAHA: basal area per hectare

PMH: Productive machine hours

3.3.1. Data collection and adjustment for analysis
In this study, the observations (n = 439) collected for the meta-analysis comprised of the cost and
productivity estimates (i.e., response variables) for individual machines in a stand selected from the
respective studies. A majority of the studies had one or few estimates for a particular machine. Fewer studies
had multiple estimates for the cost and productivity, and variation in stand, site, and other operational
characteristics. Hence, the estimates within a study were not averaged. Moreover, the extensive literature
search (using the keyword and references) coupled with the detailed selection criteria enabled to capture
the studies with wide variability in the response variables and to minimize publication bias among the
articles finally included in the analysis. Both the variables were initially entered as they were reported in
each article and later converted to System International units. The productivity of machines were often
reported either in green or dry tons per scheduled machine hours (SMH) and later converted to cubic meters
per productive machine hours (PMH) based on the forest product conversion factors (FAO et al. 2020) and
utilization rates reported in each study. Seventeen of the 53 articles reported cost in the currency of the
respective country. All costs were converted to 2020 United States dollars (US$) using a two-stage
approach. First, we applied the mean US-local currency exchange rate for the study publication year to
convert estimates into nominal US$, which is consistent with the methodology for several non-US studies
in our sample (which published estimates in US$). Second, we applied the US producer price index to the
nominal cost data to adjust for inflation over time (Organization for Economic Co-operation and
Development 2019). Conversion of cost figures into a single currency allowed comparisons across different
studies, which facilitated summarizing the data using the same units for subsequent analysis. The
publication year of each study was used for adjusting the cost components as some of them did not report
the year in which the study was conducted.
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Independent variables analyzed often had missing values and were based on the stand
characteristics provided in the articles (Table 3.1). The variables used in this study were broadly categorized
into: 1) stand characteristics which comprise species composition, stand density, stem size (DBH), age class
distribution, average height of trees, and harvest volume; 2) site characteristics that include average ground
slope of the terrain, area harvested, drainage, geographical location, season of operation, soil type, regional
precipitation, and other environmental features; 3) operational characteristics comprising of machine type,
machine cost, utilization, delays, operator experience, and skillset; and 4) silvicultural characteristics which
consist of silvicultural prescription, harvest method, managerial objectives, and regeneration method. Even
though there are numerous variables among different groups of factors, the available data reported in the
articles were limited. In addition, although all the variables mentioned above were considered while
collecting data, only the variables consistently reported were included in the analysis (Table 3.1). Along
with the year of publication, country where the study was conducted, and harvesting process, a total of 19
explanatory variables were incorporated in the final analysis (Table 3.1). However, most of the studies
reported very few variables required by the analysis, which resulted in high number of missing data values.
We used regression-based statistical methods such as boosted regression trees and hierarchical mixed
effects to account for missing values in the data.
Harvesting machines were broadly classified into different stages/phases involved in timber
production operations from stump to landing, including feller-buncher (felling), harvester (felling and
processing), stoke-boom de-limber (processing), dangle-head processor (processing), forwarder
(forwarding-extraction), skidder (skidding-extraction), and loader (loading). Machine classifications were
made based on the function performed by each machine for consistency during compilation. Each
harvesting process constituted a step which either changed the product in form (i.e., during processing trees
are converted to logs) or physically moved materials (during extraction logs/trees are moved from stump to
landing). For example, a stroke-boom de-limber and dangle-head processor used for de-limbing and
bucking were categorized as processors. The study assumed that different timber harvesting processes were
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decoupled, so that the cost and productivity of one machine did not affect the other in the workflow. Hence,
even if a study had been used for obtaining the data, only the values corresponding to the above-mentioned
processes were included in the analysis. Data from other machines such as chainsaws, harwarders, and
yarders were excluded from the study because of the differences in the mechanical function, terrain
conditions, and operational costs associated with those systems.

3.3.2. Boosted regression tree model
Boosted regression tree (BRT) is a machine learning algorithm utilizing multiple regression trees
which are a decision-tree group of models that use a regression method to fit the response using the
explanatory variables (Friedman 2001; Elith et al. 2008). The resulting outcomes effectively improve the
model predictive accuracy through using optimal variables by minimizing the error at each decision-tree.
The BRT models are used because of the robustness of collinearity associated with various compounding
variables, missing values, and over fitting of the data (Dormann et al. 2013; Verkerk et al. 2015).
Generalized boosted regression models were fitted using the gbm (Greenwell et al. 2020) package in R Core
Team (2021) (version 4.0.2), which iteratively computes and boost the decision tree by selecting variables
from the initial 19 explanatory variables used to identify the most important variables for harvesting cost
and productivity. The boosting improved response predictions by reducing the Root Mean Square Error
(RMSE). Similar studies of the effects of various variables on productivity of harvesters have shown BRT
provided the highest predictive accuracy than other methods such as, ordinary least squares and support
vector machine (Liski et al. 2020).
Two separate models were developed for harvesting cost and productivity utilizing the same
independent variables (Table 3.1). Both the models were fitted using same model parameters such as
number of trees (10,000), interaction depth (5), shrinkage (0.001), and cross validation folds (10), followed
by which the R2 and RMSE were estimated.
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3.3.3. Linear mixed effects model
Data was gathered from studies conducted in various hierarchical geographical locations, which
could have an effect on the response. Thus, linear mixed effects models were fitted for cost and productivity
using lme4 package (Bates et al. 2014). Variables with relative influence more than 5.26% (total
influence/number of factors) (Müller et al. 2013) from the BRT models were used as independent variables
in the regression model, which explained part of the model selection. There were five variables each for the
cost and the productivity models. The remaining variables with less relative influence were not included in
subsequent regression model developments. The timber harvesting process was a variable of interest and
used as predictor variable in both regression models. Differences in cost and productivity of various
processes were tested by comparing the intercepts. All possible combinations including interactions of
variables were compared using the Akaike information criterion (AIC; estimator for identifying models that
best fit the data). There were correlations between explanatory variables such as, DBH and height in the
cost model and similarly, utilization and machine rate variables in productivity models. Hence, these
variables were not used simultaneously in any model combinations to compare AIC. To account for
normality, both the response variables were log transformed. The selected model for harvesting cost
included independent variables of average tree height, stand area, and harvest process while, the
productivity model used independent variables such as DBH, machine rate, area, and process.
The predictor variables were reported for each of the stands and imposed to vary at the stand level
to estimate the variation in both cost and productivity. For this study, three geographical scales are classified
as continental (North America, Europe, Asia, and Southern Hemisphere), country, and stand level. The
random effects were imposed at these three geographical scales for both models. While these variables were
not of primary interest, we did account for and address the hierarchical variance due to the random effects
in our analysis. The study assumed a hierarchical structure at three geographical scales (stand-, country-,
and continent-level), such that stand-level was nested within country-level, which in turn was nested within
a continent-level. This variable (continent) was only used in the regression model to explore the percentage
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of variance between different geographical scales. All continuous predictor variables in the regression
models were scaled due to the differences in units and range of variables which enabled comparisons across
regression slopes and intercepts. Coefficients of predictor variables (regression slopes and intercepts) and
their confidence intervals were plotted using sjPlot (Lüdecke 2020) and ggplot2 (Wickham 2016) packages.
The marginal (predictor variables) and conditional (whole model) R-squared estimates were created using
the MuMIn package (Barton 2020). The random effects model was fitted using nlme (Pinheiro et al. 2020)
package and varcomp function in ape (Paradis and Schliep 2019) package to understand the variance
composition at different geographical scales.

3.4. Results
3.4.1. Data summary
The analysis included a total of 439 observations on variables (selected from 53 studies) that met
all criteria (see Appendix III for the details of articles included in the study). There were only a few studies
within the last 25 years that reported harvesting cost and productivity for individual machines compared to
the total number of studies encountered during the literature search. However, within the studies used for
analysis (n=53), there is a clear increasing trend in the number of studies conducted between 1995 and 2020
(Figure 3.2). Out of the 53 studies included in the analysis, 24 studies (45%) were from North America, 15
(28%) were from Europe, 7 (13%) from Asia, and 7 (13%) from the Southern Hemisphere (i.e., South
America, Africa, and Oceania; Fig. 2). Out of the 439 observations, 241 (55%) were from North America,
followed by from Europe (n=127; 29%), Asia (n=39; 9%), and the Southern Hemisphere (n=32; 7%). In
terms of machines, harvester (n=94), feller-buncher (n=94), and forwarder (n=92) constituted the highest
number of observations (21% each), followed by skidder (n=60; 14%), loader (n=56; 13%), and processor
(n=43; 10%).
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Figure 3.2. Bar graph showing the year of publication (x-axis) and number of studies (y-axis) for the articles selected
from the four continents (North America, Europe, Asia, and Southern Hemisphere).

The data collected showed that a high variability in the cost and productivity of harvesting between
various countries (Table 3.2). The average productivity for all the harvesting processes varied from 1.8 to
92.1 m3 PMH-1 and the average cost varied from 2 to 50.8 US$ m-3. The variability was also high among
different harvest processes with average costs being highest for harvester (19.98 ±23.63), followed by
forwarder (9.27 ±7.00), feller-buncher (8.40 ±8.32), skidder (7.29 ±5.60), processor (6.28 ±3.66), and
loader (4.60 ±4.96). On the contrary, average productivity of the processes were lowest for forwarder (18.18
±21.65); followed by harvester (19.77 ±24.10), skidder (35.20 ±24.39), processor (43.91 ±23.91), fellerbuncher (49.41 ±53.42), and highest for loader (83.27 ±80.10). The results are often reflected in most of
the timber harvesting studies with two harvesting operations not being the same because of the variation in
the operating conditions, operator experience, and stand characteristics. Harvester, forwarder, and skidder
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were studied in all four geographical regions (Table 3.3). Neither cost nor productivity for the processor
from Asia and loader from Europe and the Southern Hemisphere were reported in the selected studies.
Table 3.2. The average cost (US$ m-3) and productivity (m3 PMH-1) of different harvesting processes and countries
with standard deviation in the parenthesis. Standard deviation = 0, if there was only one observation.

3.23
(0.65)

Australia

5.36
(1.74)

48.53
(9.17)

Canada

4.72
(1.08)

Finland

18.86
(0)

7.29
(0)

France

24.91
(4.86)

5.05
(1.04)

5.53
(1.61)

5.92 71.77
(2.07) (15.46)

40.94 59.69 26.32
(22.31) (17.88) (6.81)

3.36
(0.40)

5.26
(2.70)

Iran

13.65
(0.96)

10.99
(0.17)

Italy

19.25 38.38 17.73
(9.71) (16.23) (7.49)
15.11
(0)

11.56
(7.42)

26.00
(0)

5.19 3.92 7.45
(4.02) (1.39) (3.09)
12.18
(6.32)

9.2
(0)

Poland

7.73
(2.18)

Portugal

6.25
(0)

1.84
(0)

31.12 12.96 12.22 19.35 11.78
(31.65) (0) (9.30) (23.15) (6.20)

Japan
New
Zealand

Loader

4.00
(1.27)

Greece

Ireland

Processor

Skidder

Forwarder

79.55 88.00 76.37 44.60 73.00
(41.65) (10.82) (15.59) (0)
(0)
8.86
(3.83)

Brazil

Harvester

Loader

2.00
(0.20)

Fellerbuncher

Productivity (m3 PMH-1)

Processor

Skidder

Forwarder

Harvester

Country

Fellerbuncher

Cost ($ m-3)

3.01
(0.28)

39.9
(3.96)

3.74
(0.86)

10.39 6.01
(9.72) (2.44)
10.80
(4.53)
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Table 3.2 Continued.
8.58
(3.93)

5.46
(1.64)

South
Africa

2.80
(0)

2.06
(0)

Spain

22.36 50.77
7.60
(7.21) (43.90) (2.03)

Sweden

19.07
(2.58)

8.27
(2.37)

Russia

4.29
(0)

8.74
(2.97)

13.00 9.00 8.77 1.80
(0) (4.00) (1.00) (0.28)
29.7 46.75
(13.58) (13.93)
5.22 5.23 10.68
(1.57) (4.26) (2.55)
6.81 13.5
(0.71) (3.54)

Turkey

11.61
(0)

28.49
(0)

15.37
(0)

24.14
(2.97)

USA

4.07
(2.54)

10.82
(5.19)

11.06
(2.67)

6.02
(4.44)

7.41 78.20 20.16 22.98 14.25
(0) (40.36) (5.43) (0) (7.00)
5.41
(2.59)

45.33
(0)

4.34 57.41 17.19 20.46 44.35 92.10 41.51
(5.29) (61.78) (11.95) (10.62) (22.17) (83.08) (21.51)
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Table 3.3. The average cost (US$ m-3) and productivity (m3 PMH-1) of different harvesting processes and global
regions (North America, Europe, Asia, and Southern Hemisphere) with standard deviation in the parenthesis. Standard
deviation = 0, if there was only one observation.

Feller-buncher

Harvester

Forwarder

Skidder

10.79
(7.59)

6.12
(3.01)

13.82
(7.09)

n/a

7.41
(0)

61.90
(46.35)

12.75
(6.72)

10.55
(5.11)

9.01
(6.57)

n/a

45.33
(0)

Europe

20.49
(8.00)

27.08
(27.33)

11.15
(7.78)

10.91
(13.07)

12.18
(6.32)

n/a

8.03
(11.40)

7.16
(6.79)

8.79
(4.80)

10.21
(14.40)

11.78
(6.20)

n/a

North
America

4.23
(2.27)

10.82
(5.19)

11.06
(2.67)

5.74
(3.55)

5.46
(2.26)

4.55
(5.00)

60.14
(56.15)

17.19
(11.95)

20.46
(10.62)

43.00
(22.03)

47.57
(21.91)

84.05
(80.74)

Southern
Hemisph
ere

n/a

3.12
(0.58)

2.21
(0.46)

8.86
(3.83)

n/a

n/a

79.55
(41.65)

65.58
(25.97)

65.36
(21.04)

17.53
(23.46)

73.00
(0)

n/a

8.40
(8.32)

19.98
(23.63)

9.27
(7.00)

7.29
(5.60)

6.28
(3.66)

4.60
(4.96)

49.41
(53.42)

19.77
(24.10)

18.18
(21.66)

35.20
(24.39)

43.91
(23.91)

83.27
(80.10)

Global

Loader
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Loader

Skidder

7.95
(5.18)

Processor

Forwarder

Asia

Regions

Processor

Harvester

Productivity (m3 PMH-1)

Feller-buncher

Cost ($ m-3)

3.4.2. Relative importance of variables
Boosted regression results showed that average tree height (24%), country (19%), harvesting
process (18%), harvest area (13%), and DBH (7%) were the most important variables that influenced timber
harvesting cost (Table 3.4). Categorical variables such as harvest method, stand type, and trail distance had
less than a 1% effect and were the least effective in explaining the variability in harvesting cost. The R2 and
RMSE for cost model were 82% and 7.47 $ m-3, respectively.
Average DBH (30%), harvesting process (22%), machine rate (9%), utilization (6%), and harvest
area (6%) were the most important variables in the productivity model. Unlike the cost model, average tree
height had a 1% relative importance for productivity. Country was also not found to be important in the
productivity model, which was ranked seventh among all 19 variables. The R2 and RMSE for were 87%
and 26.80 m3 PMH-1 for the productivity model, respectively. Most categorical variables showed very low
(<2%) importance in both models, except for harvesting process and country. Product, stand type, and trail
distance had very low influence (<1%) on harvesting productivity. Trail distance was the only variable that
had zero influence on harvesting cost in both models, which is contrary to reality.
Table 3.4. The relative influence of variables and the respective ranks for harvesting cost and productivity boosted
regression models.
Variable

Cost ($ m-3)

Productivity (m3 PMH-1)

Relative influence

Rank

Relative influence

Rank

DBH a

7.07

5

30.38

1

Harvesting Process

18.14

3

21.77

2

Machine rate

2.71

8

8.97

3

Utilization

1.17

10

6.19

4

Area

13.17

4

5.60

5

TPHA b

4.50

6

4.97

6

Country

19.25

2

4.58

7
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Table 3.4 Continued.
Species

0.45

13

3.87

8

Removal

4.29

7

2.86

9

Slope

1.00

11

2.48

10

BAHA c

0.99

12

2.37

11

Year

0.34

16

1.81

12

Harvest method

0.14

17

1.41

13

Height

23.90

1

1.12

14

Age

2.03

9

0.97

15

Prescription

0.39

14

0.37

16

Product

0.356

15

0.19

17

Stand type

0.10

18

0.04

18

Trail distance

0.00

19

0.03

19

a

DBH: diameter at breast height
TPHA: trees per hectare
c
BAHA: basal area per hectare
b

3.4.3. Hierarchical model
The results of the hierarchical model analysis showed that average tree height had a significant (pvalue<0.001) negative influence on the cost of operating machines, and the effect of harvest area was not
significant (Figure 3.3). As a fixed effect, harvesting process showed that the intercept could vary between
different harvesting processes. The harvester (p-value<0.001) and forwarder (p-value<0.05) had a
significantly higher cost (positive intercept) compared to other harvesting processes. All the estimates for
the interval in both models were compared to that of the feller-buncher, which had a significant and positive
estimate for cost (p-value<0.001). The confidence intervals of all intercepts from the machines performing
the various harvesting process overlapped with each other, suggesting their intercepts were not significantly
different. The predicted values for various harvesting processes were different from zero (see Appendix IV
for detailed predicted values for both of the model results). The total variance explained by the entire
harvesting cost model (fixed and random effects) was 79%, with 26% of the variance explained by the fixed
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effects. Out of the total variance explained by the model, the highest variance was at the stand-level (65%)
followed by country (25%) and continent (10%) levels.

Figure 3.3. Regression model for harvesting cost showing estimates for regression coefficients (circle) and intercepts
(triangle) of predictor variables. The whisker of the estimate shows 95% confidence intervals. The estimates for the
intercepts were compared to that of the feller-buncher and was used for comparing the variation between different
harvesting processes. Significant codes are: *<0.05; **<0.01; ***<0.001.

The DBH (p-value<0.05) and machine rate (p-value<0.001) variables were found to have a
significant positive effect on harvest productivity, while harvest area was not significant (Figure 3.4).
Comparing the intercepts of the harvesting processes showed the productivity of a harvester to be
significantly less (p-value<0.05) than others. The variation in regression coefficient of all other harvesting
processes were not different from each other. The total variance explained by harvesting cost model was
65%, while the fixed effect explained 30%. Out of the total variance explained by the model, the highest
variance was at the continental level (48%), followed by stand (42%) and country (10%) levels.
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Figure 3.4. Regression model for harvesting productivity showing estimates for regression coefficients (circle) and
intercepts (triangle) of predictor variables. The whisker of the estimate shows 95% confidence intervals. The estimates
for the intercepts were compared to that of the feller-buncher and was used for comparing the variation between
different harvesting processes. Significant codes are: *<0.05; **<0.01; ***<0.001.

The correlation matrix (Pearson correlation) showed that there was multiple correlation between
several variables. For example, stand parameters such as, average tree height was correlated with DBH
(0.87), volume removed (0.77), BAHA (0.35), and TPHA (-0.72) (Table 3.5).
Table 3.5. Pairwise Pearson correlation matrix of all the continuous variables showing the correlation values with

Year

1

Machine rate

-0.37

1

Utilization

-0.16

0.02

1

Trail distance

0.50

-0.66

-0.19

1
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Removal

Area

Slope

BAHA c

Height

DBH b

Age

TPHA a

Trail distance

Utilization

Year

Machine rate

values higher than 0.4 and lower than -0.4 are in bold font.

Table 3.5 Continued.
TPHA a

0.23

-0.26

-0.04

-0.02

1

Age

-0.41

0.33

0.27

-0.75

-0.44

1

DBH b

-0.06

0.16

0.02

-0.36

-0.57

0.55

1

Height

-0.13

0.37

-0.13

-0.35

-0.72

0.47

0.87

1

BAHA c

0.08

0.12

0.01

-0.48

-0.18

0.28

0.10

0.35

1

Slope

0.14

0.33

0.19

0.05

-0.16

0.17

0.03

-0.12

0.50

1

Area

-0.19

0.39

0.35

-0.37

-0.21

0.29

0.31

0.13

-0.21

0.11

1

Removal

0.03

0.33

0.02

-0.03

-0.22

0.08

0.60

0.77

0.37

-0.19

0.08

1

a

TPHA: trees per hectare
DBH: diameter at breast height
c
BAHA: basal area per hectare
b

3.5. Discussion
3.5.1. Increasing number and variability
More than 300 studies related to timber harvesting cost and productivity were obtained during the
initial literature search, however only 53 articles met the selection criteria. The high variation due to
geographical regions could be because of the existing socio-economic, ecological, and terrain conditions,
which could alter the market value for different types of forest products (UNECE and FAO 2020; Lundbäck
et al. 2021a). These geographical differences could be confounded with the products and market
characteristics. For instance, the data collected within Europe for the current study comprised of 56, 33,
and 47 observations for biomass, integrated, and round wood harvesting, respectively. On the contrary,
North America had 12, 69, and 160 observations for the same respective categories. These variations could
reflect the existing market conditions, policies, and value for the product in the specific continent (FAO
2018). Hence, the continental level variation and associated driving factors need to be acknowledged when
making regional comparisons across wide geographical ranges.
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One of the reasons for the variation in operational cost and productivity within the same harvesting
process could be attributed to the machine characteristics. The functions of each machine involved in a
harvesting process varies, resulting in variation in cost and productivity (Han and Han 2020; Picchio et al.
2020). Similarly, several stand-level variables could be involved in influencing the variability in harvesting
cost and productivity. Our study only estimated the absolute effect of important variables on individual
harvesting processes, not all variables.

3.5.2. Relative influence on cost and productivity
Stand variables, average tree height and DBH were the most important variables in the cost and
productivity models respectively. This could be because average tree height and DBH were directly
correlated with the volume of timber harvested and have an important role in predicting stand productivity
(Gatti et al. 2017; Chen and Niu 2020; Prinz et al. 2021). For example, feller-buncher and harvester will be
handling whole trees, while a forwarder handles logs that are bucked to merchantable lengths, but the
difference in volume of the logs handled is reflected in the harvesting cost and productivity of these
operational processes (Kizha and Han 2015a; Picchio et al. 2020; Louis and Kizha 2021). A meta-analysis
conducted on motor-manual felling across five continents reported that DBH, travel distance to trees, stand
density, and slope as the major factors impacting productivity (Ghaffariyan 2021). The variation in harvest
cost was also explained by country level variation which could be potentially due to the differences in level
of mechanization, forest ownership, fuel price, and Gross Domestic Product per capita between countries
(Lundbäck et al. 2021a, 2021b). For example, Walsh and Strandgard (2014) reported the cost of harvesting
roundwood in Australia using a harvester to be 3.65 US$ m-3, while Mederski (2006) estimated the same
process to cost more than double that in Poland, at 8.59 US$ m -3; however, in many cases, the machines
used and stands were also different. Variables such as owning cost, machine tax, fuel cost, labor cost can
also vary between countries. Harrill and Han (2012) showed that one dollar difference in the fuel price can
lead up to 7.8 US$ per bone-dry ton difference in the total operation cost. Similarly, George et al. (2019)
showed that factors such as the cost of snow ploughing and remotely located landing can also significantly
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affect the cost of harvesting. Operating cost was also found to vary for the same machine (loader) working
in a coupled versus decoupled arrangement (Kizha et al. 2020). The third influential variable predicted by
cost model was the harvesting process (Table 3.4), which was the second most important variable for the
productivity model. The reason for identifying harvesting process as a relatively important variable in both
models could be because of the differences in the specific functions performed by various harvesting
processes.
Harvesting productivity was influenced by machine utilization, which is related to delay such that
a higher delay lowers the utilization (She et al. 2018). The results could be because of the reported delay
characteristics differs for individual studies such as, most of the Central European studies included in the
analysis which only reported delays above 15 minutes. Spinelli and Visser (2008) showed that 61% of the
delay time in harvester operations were less than 15 minutes in length. Kizha et al. (2020) reported delay
could probably increase the cost of operation by $33.08 to 88.99 PMH-1 and can be a function of several
factors including landing space, slope conditions, and machine traffic. Hence, the results could be affected
by the utilization reported in each study (Leszczyński et al. 2021). However, utilization of timber harvesting
machines are very difficult to measure during a harvesting operation and many of the studies are using longterm utilization data for the estimation of harvesting cost and productivity (Brinker et al. 2002). Legal,
social, and economic applications of production data are also limited in certain countries due to ownership
data sovereignty (Hartsch et al. 2021). The detailed understanding of utilization rate effects is essential for
operational decision making in timber harvesting operations (Holzleitner et al. 2011).
Variables such as trail distance, age, and ground slope had lower influence in both of the boosted
regression models and can be largely attributed to high number of missing values in the dataset (Table 3.4).
Trail distance only had 38 observations, compared to 234, 349, and 338 for height, area, and machine rate,
respectively. As this present study analyzed the total cost and productivity of the multiple harvesting
process, variables related to specific harvesting process were not found to be important. For example, the
trail distance that mainly affects extraction methods (e.g., skidding and forwarding) was ranked the least
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for both the cost and productivity models (Table 3.4), which can be attributed to lack of influence on other
harvesting processes such as loading and processing. On the other hand, variables such as harvesting
method, species, stand type, prescriptions, and product had no missing observations, but were also not
important in both models. This could be because of the classification of the variable, with all being nominal
(categorical) variables having less than three categories resulting in subtle ability to distinguish between
cost and productivity. For example, even though there were several silvicultural prescriptions, such as
shelter wood, diameter limit cut, and crop tree release reported in the studies, they were broadly classified
to pre-commercial harvest, commercial harvest and clear-cut for the purpose of this analysis. Similarly,
Kopseak et al. (2021), evaluated the fuel consumption for 436 skidder operational phases by classifying
them broadly into two (even aged and selective) silvicultural prescriptions. These variables are usually
considered very important in determining the cost and productivity in an individual operation (Soman et al.
2020; Louis and Kizha 2021). However, for our global scale meta-analysis, they were found to have low
importance in explaining the variation for the various reasons discussed above.

3.5.3. Effect of geographical scale and stand variables
The average tree height of the stand was found to have a negative influence on the cost of harvesting
processes (Figure 3.3). The data used in the analysis was based on the stand inventory details conducted
prior to the harvesting operations. The total area harvested had no influence on the operational cost. The
correlations between various stand parameters needs further detailed analyses particularly for TPHA, DBH,
age, and BAHA which are stand parameters that are crucial in making harvest decisions by managers (Table
3.5). However, the final model did not test the effects of these variables as they were ranked lower in the
model selection process (i.e., boosted regression). Lee et al. (2019), reported that stand density and terrain
slope did not have any significant effect on harvesting productivity in steep terrain. Hence, more detailed
research is required to understand the effects of these variables and their interaction because missing
observations could have resulted in low ranking of these variables in this analysis. Moreover, the effect of
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stand, site, operational, and silvicultural characteristics on timber harvesting cost are seldom tested at the
stand level (Hiesl and Benjamin 2013a; Liski et al. 2020).
Harvester was one of the most studied types of equipment, and together with forwarder accounted
for 43% of the total observations (n=186). There has been a general trend for increased application of CTL
systems (Nordfjell et al. 2019). Additionally, data collection is often expensive and time consuming, while
the onboard computers in the harvester head generates detailed data required for time and motion studies at
relatively low cost (Kemmerer and Labelle 2020; Liski et al. 2020). The debate on the cost of CTL
harvesting system has been on going such that the cost was found to be higher than WT by Louis and Kizha
(2021), whereas other studies have found less or no difference across the two systems (Lanford and Stokes
1996; Adebayo et al. 2006). The result from this study shows the cost of harvester and forwarder to be
higher among all the harvesting processes after accounting for the variation from countries and continents.
Similar results were observed for productivity of harvesters being significantly less than that of fellerbunchers in Maine, USA (Hiesl and Benjamin 2013b). Reduced productivity and higher cost in CTL can
be attributed to more expensive equipment used. For example, a harvester fells and delimbs single trees per
cycle while a feller-buncher in WT handles multiple trees per cycle followed by processing at the landing,
and the forwarded logs are generally shorter in size (Laitila et al. 2016). Laitila and Väätäinen (2021)
reported the cost of feller-buncher and forwarder operating in small-diameter stands are similar. Further,
harvester productivity can increase when it handles multiple trees per cycle (Magagnotti et al. 2021).
Harvesting productivity was highly affected by machine rate such that machines that had higher
hourly costs of operating in the field were found to be significantly productive. Larger machines used for
industrial scale timber harvesting operations will have higher operating cost. Such machines generally
harvested more volume and operated in larger stand areas compared to non-industrial operations. The
average DBH of the stand had a positive relation to the volume of wood harvested and volume handled per
cycle for all the machines. The results in the study are in accordance with other studies that have tested the
relationship between productivity and stem size (Kizha and Han 2016). However, unlike other studies that
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have tested the relationship within a harvesting system, the results from this study included observations
from a wider geographical area and accounted for the variability at different scales using a hierarchical
structure of the random effects. Harvesting cost was inversely proportional to the DBH, with the cost
increase most noticeable in the 15 cm diameter class (Han et al. 2004). However, the productivity of fellers
and skidders were not affected by tree sizes below 13 cm (Pan et al. 2008b).
The cost-based regression model was able to explain 79% of the variability; however, more than
two-thirds of the variability (71%) was accounted by the geographical variables (i.e., country and
continent). The cost variability was highest between countries, indicating a difference in economics such
as fixed, variable, and labor costs (Mederski et al. 2021). Continental market variation also had an effect at
the country level because of the varying market value for different products (FAO 2018; Lundbäck et al.
2021b). The productivity of different machines was found to be highly fluctuating at the continental and
stand level. However, the estimated variation in productivity at a country-level was very small. This result
was also found by the boosted regression model, which ranked country as a less-influencing variable. This
finding shows that the variation in productivity between country-level within the same continents can be
attributed to the stand-level features such as stand, site, silvicultural, and operational characteristics.

3.6. Study limitations
We note some limitations of this study beyond the missing observations discussed above. First,
harvesting equipment were not compared with variables individually affecting them. For example, skidding
distance turned out to be the least important variable affecting the cost and productivity of all harvesting
equipment but were not separately tested for skidder. Second, the study only accounted for major variables
reported that would affect the harvesting cost and productivity. Third, variables such as labor cost, operator
experience, equipment conditions, and landowner objectives were frequently not reported, and hence not
included in the analysis. Fourth, the site, stand, operational, and silvicultural characteristics varied between
study sites, as is typical for any applied forest operations analysis. However, the intention of the analysis
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was obtaining a broader conceptual understanding of the variables influencing cost and productivity. Fifth,
applying other exchange rates or inflation indices to convert all cost figures into real 2020 US$ could impact
the relative cost of the studies in our sample, although this is likely to be a minor effect. Last, the study only
compared the overall variance explained at each geographical scale assuming that major variables (i.e.,
predictor variables) vary only at the stand level.

3.7. Conclusions
There has been an increasing trend in the number of timber harvesting studies in recent years, yet
the variability in harvesting cost and productivity has not been explored in large detail. This study evaluated
the most important variables influencing cost and productivity at a continental scale, analyzing data from a
wide range of stand and operational conditions. The significance of continental- and stand-level variability
was consistent for both the cost and productivity models, while the country-level variation was very small
for harvesting productivity. Stand-level characteristics such as average tree height was found to negatively
affect the variability in the cost model. The productivity model showed that DBH, utilization, and ground
slope explained a majority of the variance. The comparison of cost and productivity between different
studies should consider variation in stand characteristics among them. Even though this study modelled
commonly used forest harvesting equipment, for a broader understanding, the effect of interactions between
various equipment, other harvesting processes, and stand-level variables should also be explored. In
general, a consensus was attained between this study and other individual case-studies, which helped in
identifying variables that affect the cost and productivity of multiple harvesting processes. This study
provides stakeholders and future research with information to understand harvesting cost and productivity
across a broad range of stand and site characteristics, thereby developing management tools for better
decision making in timber harvesting operations.
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CHAPTER 4
WOOD BIOMASS RECOVERY COST UNDER DIFFERENT HARVESTING
METHODS AND MARKET CONDITIONS
4.1. Abstract
Harvesting woody biomass, often considered a byproduct, poses a major challenge in terms of low
operational productivity and revenue. However, woody biomass (small-diameter trees (SDT), branches,
and treetops) is gaining global attention for its multifaceted uses in soil reclamation, renewable energy
production, and carbon offsetting. The operational cost of harvesting woody biomass is a crucial factor
influencing the economic feasibility of harvesting and can fluctuate substantially depending on the cost
apportioning method used. The objectives of the study were 1) to estimate the cost of producing pulpwood
chips from SDT; 2) to examine the factors influencing cost and productivity of whole-tree (WT) and hybrid
cut-to-length (Hyb-CTL) treatments; 3) to compare and estimate the cost of producing sawlog and chips
from hardwood pulp with two cost apportioning methods. The total harvesting cost was 53% higher in HybCTL (US$ 17.30 m-3) than that of WT (US$ 11.30 m-3). The cost of producing wood chips from hardwood
pulp as by-product (US$ 3.07 m-3) was half of the cost calculated using joint-products allocation method
(US$ 7.65 m-3). The cost of producing wood chips utilizing exclusive product allocation (US$ 47.53 m-3)
was four times the cost of producing sawlogs (US$ 11.23 m-3). This study provides working values that can
enable timberland managers and operational foresters to evaluate the cost of harvesting woody biomass
under different market conditions (i.e., demand for woody biomass). This study can also aid managerial
decisions regarding silvicultural prescriptions and to help efficiently manage stands that have large
proportions of SDT.

4.2. Introduction
Woody biomass, in the form of timber harvest residues, is a potential renewable energy resource
that is widely available and sufficient to meet future global energy needs (Lauri et al. 2014). This resource
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is considered a by-product with economically low value in regions that lack policy context and market for
such products (Thiffault et al. 2015; Kizha and Han 2016). Even though widely available in the northeastern
US, harvesting biomass has been found to come with high cost, primarily due to low operational
productivity and economic value (Montgomery et al. 2016). In contrast, the long-term benefits includes
decreased stand management costs and increased stand productivity, as well as decreased risks of insects
and forest fire (Hartsough et al. 1997; Han et al. 2004; Routa et al. 2013; Spinelli et al. 2019). Energy
products from harvest residues such as wood chips, pellet wood, and briquettes have increasing demands
in the global markets (Barrett et al. 2014; FAO 2018; Spinelli et al. 2019). This carbon neutral renewable
energy source can be used to offset non-renewable energy production, thereby aiding in the reduction of
greenhouse gas emissions (Jones et al. 2010; Hanzelka et al. 2016).
The recoverable amount of woody biomass from a forest stand is a function of the stand
characteristics, species composition, silvicultural prescription, and harvesting method. It also depends on
the proportion of non-merchantable stems such as small-diameter trees (SDT, diameter at breast height
(DBH) less than 12.7 cm) and branches present within a stand (Ghaffariyan et al. 2015; Kizha and Han
2015a; Spinelli et al. 2019). Integrated harvesting simultaneously generates sawlog and harvest residues (in
this study, SDT) at the landing. Accumulation of harvest residues at the landing could potentially increase
the cost of processing and sorting, and reduce the operational efficiency of other machines (Hartsough et
al. 1997; Soman et al. 2019).
Furthermore, the cost of producing wood chips and sawlog from integrated harvesting can be
calculated using various cost apportioning methods and will yield different costs for the same operation
under different scenarios (Hudson et al. 1990; Puttock 1995). This is primarily due to the prevailing
harvesting conditions, biomass market, and operational contracts for the specific harvest. For example,
harvest residues are hypothesized to receive a “free-ride” along with the sawlog component in a by-product
allocation method. However, using joint product allocation, the cost is split between products (i.e., sawlogs
and harvest residues) for the various operational phases.
63

Maine has the most forest as a percentage of total land area in the United States (89%) and the
average DBH of trees reported is less than 15 cm (FIA 2014); substantiating Maine being labeled as a
potential source of woody biomass within the country (Gan and Smith 2006; Whalley et al. 2017; Soman
2019). The biomass market in Maine was renowned in the 1980s, but the closure of several pulp mills and
wood-based energy plants in recent years has resulted in the plummeting of biomass markets (Bouvier
2009; Stone et al. 2011; Koirala, Kizha, and Roth 2017). Production of high quality wood chips is a complex
process that requires careful planning and implementation to avoid contamination until the chipping phase
(Kizha and Han 2016, 2015b; Sahoo et al. 2019). After chipping, the transportation of biomass to a
processing facility is often the most expensive part of the supply chain. Hence, proximity to markets is a
crucial factor in determining the cost of harvesting and processing biomass feedstock (Becker et al. 2009;
Paulson et al. 2019).
Globally, cut-to-length (CTL), whole-tree (WT) and other harvesting methods respectively
accounts for 35, 37 and 29% of total timber harvest activities (Nordfjell et al. 2019; Soman et al. 2020).
Different variations of WT and CTL are practiced in the state of Maine (Germain et al. 2019), of which
80% of timber harvest is accounted by WT (Hiesl et al. 2015; Soman et al. 2020). Even though the cost and
productivity of two harvesting methods vary, the methods are comparable (Lanford and Stokes 1996). WT
harvesting with a feller-buncher, skidder, and chipper is more appropriate for woody biomass operations
compared to conventional CTL because of the ability to recover harvest residues and lower total operational
costs (Bataineh et al. 2013; Hiesl and Benjamin 2015a).
The main objectives of this study were to compare and examine the cost and operational efficiency
of producing wood chips and sawlog from SDT dominated stands. Specific objectives were to: 1) estimate
the cost of producing pulpwood quality chips exclusively from SDT; 2) examine the factors that influence
the cost and productivity of two timber harvesting methods, hybrid cut-to-length (Hyb-CTL) and WT; 3)
estimate and compare the cost of producing sawlog and chips separately with two (joint product and byproduct) cost apportioning methods.
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4.3. Methodology
4.3.1. Study area
The study was conducted on a 60 ha plot of an industrial timberland property in Northern Maine,
USA (47 2' 7.54"N and 68 44' 10.95"W) during July and August of 2018 (Figure 4.1). Hardwood trees
dominated the stand and species composition included red spruce (Picea rubens Sarg.), sugar maple (Acer
saccharum Marsh.), striped maple (Acer pensylvanicum L.), black spruce (Picea mariana Mill.), yellow
birch (Betula alleghaniensis Britt.), and American beech (Fagus grandifolia Ehrh.). The area was last
harvested in the 1950s. The study area had an undulating terrain with a mixture of slopes that ranged from
3–35%. The major soil types were Ragmuff-Monson complex (38%), Telos-Chesuncook-Ragmuff
association (27%), and Chesuncook-Elliottsville association (23%) (USDA 2013).

Figure 4.1. The location of the study site in Maine (bottom left), USA and the treatment units i.e., partial harvest
using whole-tree and clear-cut using hybrid cut-to-length harvesting methods, respectively.
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4.3.2. Silvicultural prescriptions
Clear-cut (CC) and partial harvest (PH) were the two silvicultural prescriptions in the study. CC
prescription resulted in the harvesting of all merchantable timber from the stand and removed existing
regeneration as part of site preparation for re-planting. In the PH prescription, 50–70% of basal area (BA)
was harvested and quality growing stock was retained according to a pecking order. The residual stand was
comprised of quality growing stock across all diameter size classes.

4.3.3. Stand inventory
Total area of the study site was almost equally divided into two prescriptions (29.5 ha for CC and
30.6 ha under PH). Pre-harvest inventory data was collected for both treatment units with 40 variable radius
plots inventoried using a 20 Basal Area Factor prism (20 ft 2 ac-1 or 4.6 m2 ha-1). Parameters measured
included species, diameter at breast height (DBH, at 1.37m above ground), and geographical location of
the plot center.

4.3.4. Harvesting operations
Harvesting methods (treatments) WT and Hyb-CTL were utilized for the CC and PH prescriptions,
respectively (Figure 4.1).
4.3.4.1. Whole-tree (WT) method
For the WT treatment, a feller-buncher (John Deere 853) felled the trees, followed by a grapple
skidder (John Deere 848H) skidding the trees to the landing, dangle-head processor (John Deere 753)
processing (delimbing and merchandizing) the sawlog trees, and self-loading trucks loading the sawlogs.
Skidded hardwood pulp and SDT were separated by the skidder at the landing and a flail-chipper (Morbark
2755) was utilized for generating pulpwood quality woodchips. As there was no market for bioenergy
feedstock in the region, the non-sawlog hardwoods (timber which did not meet the sawlog standards were
considered hardwood pulp) and SDT (diameter at breast height (DBH) less than 12.7 cm) were chipped to
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pulpwood standards. However, this came at an increased cost and reduced the overall biomass quantity
produced (as bark, leaves and branches were removed). The treetops from sawlog processing were not
chipped in this study.
Delay-free cycle time (DFC) for the feller-buncher included time taken to travel to tree, followed
by felling and bunching (Table 4.1). The feller-buncher then moved to another tree initiating the next DFC.
DFC of skidder began when the machine travelled from landing to the harvest unit, positioning for
extraction within the unit, grappling the bunch and travelling back to the landing. Distance moved was
visually estimated (for all operational phases) with the aid of distance markers placed at regular intervals
prior to the beginning of the operation. Prior to the commencement of each day’s operation, researchers
calibrated themselves by visually estimating (guessing) the DBH from an approximate distance of 50 m
and then actually measuring the tree. DFC of processor at the landing was time taken to reach out, grab,
and process a tree, followed by decking the logs to specific sorts at the landing. Self-loading trucks were
used for loading and the DFC included time to reach logs (swing empty), time to grapple logs (grappling
time), load grappled logs to the truck (swing loaded), and arrange logs inside the bunk (arranging). SDT,
pulpwood and maple trees (not meeting sawlog standards) from both the units were sorted at the landing
and comminuted to pulpwood quality chips. The comminution phase was decoupled from the sawlog
operation. DFC of chipper started when the machine swung to grab a set of trees, grabbed the trees, and
ended when the loader fed the trees to the chipper.
Table 4.1. Delay free cycle time (DFC) elements and predictor variables collected for each machine in whole-tree
(WT) and hybrid cut-to-length (Hyb-CTL) harvesting methods.
Machines

DFC elements (minute)

Recorded predictor variable(s)
Distance between trees (m)

Travel to tree
Feller-buncher

a

DBH (cm)

Cutting

Species

Bunching

Distance to bunch (m)

Scatter

Number of trees cut per cycle
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Table 4.1 Continued.
Number of cuts per cycle

Travel to bunch b

Number of logs per cycle

Grappling
Processor a

Butt-end diameters (cm)

Processing

Distance between bunch (m) b

Decking

Decking distance (m)
Species

Travel empty

Empty travel distance (m)

Travel loaded
Forwarder b

Loaded distance (m)

Swing empty

Number of pieces

Grappling

Butt-end diameter (cm)

Swing loaded

Species

Sorting

Skidder c

Travel empty

Travel empty distance (m)

Travel loaded

Travel loaded distance (m)

Grappling

Butt-end diameter (cm)

Positioning

Number of pieces per cycle

Swing empty
Swing loaded
Chipper c

Butt-end diameter (cm)

Grappling

Number of trees per cycle

Sorting for feeding
Feeding

Self-loading truck a

Swing empty

Number of pieces per cycle

Grappling

Butt-end diameter of log (cm)

Swing loaded

Length of log (m)

Sorting

Species

a

was present in both WT and Hyb-CTL
in Hyb-CTL only
c
in WT only
b

4.3.4.2. Hybrid cut-to-length (Hyb-CTL) method
In the Hyb-CTL treatment, the trees were felled using the same feller-buncher and were sorted at
the unit into different species to facilitate subsequent operational component. Trees were processed within
the unit by the same processor. However, as trees were processed in-woods, the processor DFC had an
additional component, travel between bunches. A forwarder (John Deere 1910) then carried the processed
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logs to the landing where self-loading trucks loaded the logs. Unlike conventional CTL where a harvester
does both felling and processing within the unit, a Hyb-CTL felling is done by a feller-buncher and a
processor then processes and merchandizes the trees within the unit. Hybrid harvesting methods are
common in the northeastern US (Soman et al. 2020) and is believed to have better productivity and reduced
residual stand damage than conventional CTL methods. Chipping was not done in the hybrid CTL stands
as the SDT and harvest residues were not extracted to the landing. DFC of the processor in woods was the
time taken to travel to a bunch, reach out to the tree, grab, process, and deck (Table 4.1). Forwarder DFC
initiated when the machine started from the landing, picked up the processed logs from the trails, travelled
back to the landing, and ended with the unloading of logs to the respective piles at the landing. Similar to
WT treatment, self-loading trucks were used for loading.

4.3.5. Operating cost calculations
Detailed time-motion study was conducted for all operational phases within each treatments and
DFC times were calculated for each machine separately. DFC times along with the independent variables
affecting them (such as distance moved by the machine, number of pieces handled, and piece diameter)
were collected for all machines (Table 4.1). The same machines and operators were used for both
treatments, except extraction. DFCs were recorded using an analog stopwatch. Delays were separately
recorded to further understand other factors that could influence productivity. The delays were classified
into mechanical, operational, and personal (Kizha and Han 2016; Soman et al. 2019).
Salvage value of machines and economic life were obtained from peer-reviewed literature (Brinker
et al. 2002), utilization rates from the logging company, and purchase price of machines from a local dealer
(Table 4.2). Hourly machine costs (US$ PMH−1 (Productive machine hours)) were calculated using
standard machine rate calculation methods (Miyata 1980).
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Table 4.2. Machine cost and productivity variables for each machine in the two treatments. The values were
obtained from the contractors.
Operational

Feller-

Self-loading
Processor

factors

Skidder

Forwarder

Chipper

buncher

truck

John Deere

John Deere

John Deere

John Deere

Morbark

Multiple

853

753

848H

1910

2755

trucks

500000

400000

300000

575000

500000

150000

15

20

15

20

20

10

39.68

42.34

34.20

42.67

55.09

29.97

5

4

5

4

5

5

45.18

32.00

43.99

35.93

60.00

39.75

18.93

20.57

17.91

14.98

22.71

22.71

66

88

68

89

53

80

120.85

99.39

99.21

114.20

158.57

79.01

Make and model

Purchase price
(US$ a)
Salvage value
(%)
Operating cost
(US$ PMH-1 b)
Economic life
(years)
Labor cost
(US$ PMH-1)
Fuel
consumption
(L PMH-1 c)
Utilization (%)
Machine rate
(US$ PMH-1)
a

United States Dollar
US$ per Productive Machine Hour
c
Liter per Productive Machine Hour
b

4.3.5.1. Average tree volume for pulpwood, SDT, and sawlog
During the detailed time motion study for felling, researchers visually recorded the DBH for all
trees in a cycle. The DBH collected (visually observed by the researcher) from trees felled by the feller-
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buncher was used for predicting total tree height (m) using the allometric equation (1) (Dixon and Keyser
2008). The DBH and height were later utilized to estimate average volume (m 3) of SDT using the volume
equation (2) (Honer 1965).
𝑑
))
𝐷𝐵𝐻+1

Tree height (H) = 4.5 + 𝑒𝑥𝑝 (c + (
𝑏

Tree volume = (𝐷𝐵𝐻 2 )/(𝑎 + (𝐻))

(1)

(2)

Where,
a = 2.139 (softwood) and 2.222 (hardwood)
b = 301.634 (softwood) and 300.373 (hardwood)
c = 4.508 (softwood) and 4.338 (hardwood)
d = -6.012 (softwood) and -3.821 (hardwood)
As the entire length of SDTs were fed into the chipper, the assumption was that the average piece
volume was equal to the total SDT volume. Similarly, average volume of sawlog pieces were calculated by
dividing the average volume of trees by the average number of logs per tree produced from the processor
cycle. The calculated volume was less than the scaling volume calculated using Huber’s method (Avery
and Burkhart 1983). These volumes were subsequently utilized for calculating the cost of operations for
each treatment (Kizha and Han 2016).

4.3.6. Conventional cost apportioning
As Hyb-CTL did not recover SDT and left them within the harvest unit, all apportioning cost
calculation was restricted to WT treatment. Conventional cost apportioning methods i.e. joint product
allocation (JPA), and by-product allocation (BPA) (Hudson et al. 1990), were used to calculate the cost of
generating pulpwood quality chips and sawlogs. JPA assumes that simultaneously produced products share
the cost until a point where the products are separately identifiable. For example, in JPA, woodchips share
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the cost of felling and extraction based on the total volume harvested along with the total cost of chipping.
Processing cost was not included as the pulpwood trees and SDT used for producing wood chips were not
processed (delimbed). However, processing cost would have been included if the tree-tops and branches
from processing sawlogs were also chipped (Kizha and Han 2016). Cost sharing in different stages of
operation that produced both pulpwood chips and sawlogs apportioned their costs based on the specific
proportion to the total harvest volume (Puttock 1995; Harrill and Han 2012).
BPA considers outputs as products (sawlogs) and by-products (chips). Therefore, only costs related
to specific operational components involved in producing the by-product are included in the production
cost. That is, the cost of producing woodchips is confined to only the cost of generating by-product
(chipping). The cost of all other operational components (such as felling, extraction and processing) are
solely borne by the main product (sawlog) (Hudson et al. 1990).

4.3.7. Estimating service charge - Exclusive product allocation
The conventional methods do not differentiate between log volume of sawlog and SDT while
calculating the cost of producing sawlogs and woodchips. If the wood chips are produced solely from SDT,
the cost changes as the average piece volume and productivity will be considerably less when compared to
when chips are produced from larger trees. Here we introduce a different method to calculate the cost of
producing wood chips solely from SDT. Primarily, the data collected from each machine was sorted into
SDT (<12.7 cm at DBH) and sawlog (≥12.7 cm at DBH) based on the DBH of the harvested trees. Time
component, pieces per cycle, and volume per cycle for sawlog and SDT were evaluated independently for
every DFC, followed by which the individual cost for operational component was estimated separately. The
average volume of SDT and sawlog was calculated from the equations (1) and (2), which were then used
in the hourly cost calculations for each machine.
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4.3.8. Statistical analysis
Statistical analysis was performed using R software (version 3.5.2). Most dependent variables
followed normal distribution; natural logarithm transformation was used for all dependent variables except
feller-buncher DFC in both treatments to attain normality. Linear regression models were fitted for
machines within each harvesting method separately with DFC as response variable and other non-time
elements as predictor variables (Table 4.1). Backward/forward model selection with lower AIC values were
used for model selection and validation using MASS package (Venables et al. 2002). ANOVA was used for
testing differences in DFC element time and volume between SDT and sawlog for WT (p = 0.05). Welch
two sample t-test was used for comparing the differences between variables (DBH, average log volume,
time components of DBH, average distances for specific machines etc.) in both treatments (WT and HybCTL).

4.4. Results
4.4.1. Stand inventory
A total of 259 trees (102 in Hyb-CTL and 157 in WT) were measured from 40 plots. Basal Area
was 27 and 31 m2 ha-1 for WT and Hyb-CTL, respectively, with the stand density being 1509 and 1732
trees ha-1. Scale tickets showed a total of 5092 metric tons of wood was extracted from both treatment units,
of which 2901 and 2191 tons was from WT and Hyb-CTL, respectively. There was no significant difference
in the average scaled volume of trees between WT and Hyb-CTL treatment (p = 0.32); showing both
treatments were similar in terms of harvested tree size. Average volume of sawlog calculated using the
equation (1) and (2) was estimated to be 0.12 m3 for both treatments and the average volume of SDT was
0.05 m3. In WT treatment, out of the total amount harvested (2901 tons), 1814 tons were hardwood pulp
chips (63%), and 1087 tons were from softwood and hardwood sawlog (37%).
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4.4.2. Whole-tree and hybrid cut-to-length
Total cost of harvesting in Hyb-CTL (US$ 17.30 m-3) was 53% higher compared to WT (US$ 11.30
m-3). Cost of chipping added US$ 3.07 m-3 to the WT treatment. This cost was not included in the total cost
for Hyb-CTL (Table 4.3), as this operational phase was absent. On average, 2.73 and 2.63 logs per tree
were obtained in WT and Hyb-CTL treatments, respectively (obtained from the processing data); however,
no significant difference was observed between treatments (p = 0.51).
Table 4.3. Cost (US$ m-3) and productivity (m3 PMH-1) of each operational phase in whole-tree (WT) and hybrid
cut-to-length (Hyb-CTL) harvesting methods for the sawlog component.
Cost

Productivity

Operational phase

a

WT

Hyb-CTL

WT

Hyb-CTL

Felling

2.70

2.98

44.84

40.62

Extraction a

4.57

10.40

21.72

10.99

Processing

2.75

2.64

36.14

37.64

Loading

1.28

1.28

61.62

61.62

Total

11.30

17.30

NA

NA

Extraction for WT and Hyb-CTL operations were skidding and forwarding, respectively.

4.4.2.1. Felling
The number of trees felled per cycle significantly influenced DFC for both WT (p < 0.001) and
Hyb-CTL (p < 0.001; Table 4.4). The unit cost of production was impacted by the turn size (volume per
DFC) which was higher in WT (0.85 m3) than Hyb-CTL (0.66 m3) leading to a lower felling cost for WT
(US$ 2.70 m-3) compared to Hyb-CTL (US$ 2.98 m-3). The felling productivity was higher in WT (44.84
m3 PMH-1) compared to Hyb-CTL (40.62 m3 PMH-1). Average cutting time was the highest (17 sec)
contributor to the DFC of feller-buncher in WT followed by travel time to tree (11 sec) and bunching time
(10 sec). Average cutting time in WT (17 sec) was significantly higher to that of Hyb-CTL (8 sec; p <
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0.001). On average, 2.5 trees were felled per cycle in both treatments which also significantly affected the
DFC (p < 0.001) and the average number of trees felled in WT (2.6 trees) was significantly higher than
Hyb-CTL (2.1 trees; p < 0.001).
Table 4.4. Selected regression models in whole-tree (WT) and hybrid cut-to-length (Hyb-CTL) harvesting methods
for each of the phases of operation, along with adjusted R 2 values, and number of observations.
Phases

Treatment

N

Adjusted
R2

Regression models predicting DFC

WT

390

0.34

DFC = 13.86 + 0.20 (distance between trees)*** +
9.26 (number of trees cut/cycle)***

Hyb-CTL

160

0.18

DFC = 17.70 + 0.34 (distance to bunch)*** + 4.40
(number of trees cut/cycle)**

WT

100

0.43

DFC = 2.19 + 0.07 (butt-end diameter)*** + 0.69
(softwood)***

Hyb-CTL

160

0.29

DFC = 2.94 + 0.23 (number of pieces)*** - 0.18
(softwood)*

WT (skidder)

102

0.75

Log DFC = 4.08 + 0.002 (travel loaded distance)*** +
0.04 (number of pieces)* + 0.005 (positioning
distance)* + 0.03 (butt-end diameter) •

Hyb-CTL
(forwarder)

104a

Negative
value

Chipping

WT

179

0.27

DFC = 3.71 + 1.26 (butt-end diameter)*** + 3.79
(number of trees)***

Loading

WT and HybCTL

63

0.32

Log DFC = 2.76 + 0.07 (butt-end diameter)***

Felling

Processing

Extraction

Model not significant

Significance codes: ‘***’ p-value <0.001; ‘**’ p-value<0.01; ‘*’ p-value<0.05; ‘•’ p-value=0.05
DFC – Delay-free cycle time
Log DFC – Logarithm of Delay-free cycle time
a
in-wood swing cycles were used in the regression. Swing cycle is the time to travel to a tree + swing empty tome +
grappling time + swing loaded time

4.4.2.2. Extraction
In WT, loaded skidding distance (average = 89 m) had the highest significance (p < 0.001) followed
by number of trees (p = 0.020), positioning distance (p = 0.027), and butt-end diameter (p = 0.054) for the
model predicting DFC (Table 4.4). Average payload constituted five trees per cycle, with an average buttend diameter of 19 cm per tree. Travel-loaded time contributed most (79 sec) to the average DFC, followed
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by unloaded travelling time (58 sec). In Hyb-CTL, regression models for forwarder swing cycle was not
significant and had a negative value for the adjusted R2 (Table 4.4). In Hyb-CTL, only four complete
forwarding cycles were observed which directly led to the model being not significant. As a result, for
developing the regression models individual swing cycle was considered. Skidding in WT cost US$ 4.57
m-3, whereas forwarding for Hyb-CTL cost US$ 10.40 m-3, which were 40 and 60% of the total harvesting
cost for the respective treatments. Even though the estimated DFC of skidder (3 minutes) was significantly
lower compared to that of the forwarder (50 minutes), the turn size was six times higher in forwarder (10.36
m3 per cycle) compared to skidder (1.63 m3 per cycle).
The forwarder carried a considerably higher volume of wood per DFC than the skidder. However,
the productivity of forwarder (10.99 m3 PMH-1) was half to that of skidder (21.72 m3 PMH-1) and can be
attributed to faster turn-around time for the latter (Adebayo et al. 2007; Table 4.3). DFC for the skidder
varied from 27 sec to 12 min 30 sec, and depended on travel loaded distance, leading to considerable
variation.
4.4.2.3. Processing
Average DFC of processor at landing (WT) was 32 sec, in which delimbing and bucking time (19
sec) constituted more than half. About 60 % of the total processor DFC in both treatments was for delimbing
and bucking, which has also been observed in other studies (Glade 1999; Simões et al. 2008). In WT, DFC
for processing was directly related to the diameter of logs (p < 0.001; Table 4.1). In Hyb-CTL, DFC was
significantly influenced by number of logs (p < 0.001) generated per cycle and species (Table 4.4). Diameter
of logs handled by the processor in both treatments were not significantly different (p = 0.418). There were
no significant differences in the number of logs produced per cycle (p = 0.521) between treatments.
However, in Hyb-CTL, the processor spent more time (11 sec) grappling the logs than in WT (6 sec; p <
0.001) which resulted in slightly higher DFC for Hyb-CTL (37 sec) compared to WT (32 sec; p = 0.038).
The processor productivity was higher in Hyb-CTL (37.64 m3 PMH-1) than WT (36.14 m3 PMH-1).

76

4.4.2.4. Loading
Three self-loading trucks were employed for transporting sawlogs to a processing facility 93 km
away, in which the one-way travel time averaged 3.5 hrs. These trucks were oversized trailers with average
gross vehicle weight of 90 metric tons moving on private forest industry roads. The average time to load a
truck was 10 min (without delays). As all logs were extracted to the same landing, the loading cost was
same for both treatments. The DFC of loading averaged 29 sec and was influenced by the diameter of the
logs (p < 0.001; Table 4.4). Five logs, with an average butt-end diameter of 22 cm, were loaded during an
average DFC. The cost of loading (US$ 3.07 m-3) was least among all the operational phases and
productivity was highest (61.62 m3 PMH-1).
4.4.2.5. Comminution
Chipping operation was only done for WT treatment and the cost of chipping SDT along with
hardwood pulp was estimated at US$ 3.07 m-3 (Table 4.5). Average DFC was 16 sec, in which swinging
empty constituted 6 sec and swinging loaded took 5 sec. The time to load a chip van averaged 35 min.
Productivity of the chipper was significantly influenced by the number and size of logs (p < 0.001, Table
4.1).

4.4.3. Apportioning cost
Total cost of harvesting SDT calculated using two conventional apportioning methods showed US$
3.07 and 7.65 m-3 for the BPA and JPA, respectively. In BPA, the cost for producing sawlog (US$ 11.30 m3

) was the same as the total cost of the operations, as wood chips (by-product) were hypothesized to get a

“free-ride” along with sawlogs (main product; Table 4.5). Cost of harvesting sawlog was lower for JPA
(US$ 6.72 m-3).
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Table 4.5. Cost of harvesting (stump to truck) sawlog and SDT (small-diameter trees, with a diameter at breast height
below 12.7 cm) calculated using two apportioning methods. All costs are in US$ m -3.
Joint product

Operational

By-product

Total cost
phases

SDT

Sawlog

SDT

Sawlog

Felling

2.70

1.70

1.00

N/A

2.70

Extraction

4.57

2.88

1.69

N/A

4.57

Processing

2.75

N/A

2.75

N/A

2.75

Chipping

3.07

3.07

N/A

3.07

N/A

Loading

1.28

N/A

1.28

N/A

1.28

Total

14.37

7.65

6.72

3.07

11.30

4.4.4. SDT cost and productivity
ANOVA showed that average feller-buncher DFC for SDT (54 sec) was significantly higher than
sawlogs (39 sec; p = 0.004). Additionally, the feller-buncher handled higher number of SDT (3.8 trees)
compared to sawlog (1.9 trees; p < 0.001). Cutting time for SDT cycles (24 sec) were significantly lower
than sawlog (11 sec; p < 0.001). DFC for skidder was also significantly lower in SDT (2 min 7 sec)
compared to sawlog (3 min 18 sec; p = 0.022). In WT treatment, average volume of SDT (0.05 m3) was
found to be six times lower than sawlog (0.33 m3). The machine rate calculated in exclusive product
allocation showed that the cost of harvesting SDT was US$ 47.53 m-3 and sawlog was US$ 11.23 m-3 (Table
4.6).
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Table 4.6. The cost of each operational phase for total whole-tree (WT), Sawlog in WT, and SDT in WT. SDT and
sawlog costs were calculated separately using exclusive product allocation. All costs are in US$ m -3.
Operational
WT

SDT

Sawlog

Felling

2.70

12.52

2.44

Extraction

4.57

19.68

4.83

Processing

2.75

NA

2.68

Chipping

3.07

15.32

NA

Loading

1.28

NA

1.28

Total

14.37

47.53

11.23

phases

4.5. Discussion
4.5.1. Comparing harvesting methods
Harvesting costs can highly vary and are influenced by a number of factors including piece size,
stand conditions, weather, etc. (Bolding et al. 2009; Hiesl and Benjamin 2013a; Han et al. 2018; Soman
2019). Adebayo et al. (2007) reported higher harvesting costs for CTL compared to WT, while Benjamin
et al. (2013) found no significant differences between the two. The cost of operation could have been lower
in conventional CTL compared to Hyb-CTL, as an additional machine was used in the felling phase
contributing an extra US$ 2.98 m-3; even though the feller-buncher, was being much more productive than
a harvester. In Hyb-CTL, distance moved by the processor constituted a minor portion of DFC (6 %) as the
feller-buncher felled and bunched the trees. This indicates that processing cost could increase if felling was
also done by the processor. For comparison, Soman et al. (2020) reported hybrid tree-length was less costly
than WT, but, claimed that the higher cost was due to a snowstorm event during the WT operation. All
these results highlight that the cost of operation is highly variable and subject to stand and operational
conditions.
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This study was set-up on an industrial scale and harvest volume was higher for the WT due to clearcut prescription (approximately 27 tons ha-1 higher than Hyb-CTL treatment). Hyb-CTL was costlier to
implement than WT (chipping cost included), which was primarily due to the extra care needed to abate
residual stand damage; furthermore, the trees to be removed had to be hand-picked by the machine operator.
Higher proportion of SDT harvested in WT increased the number of logs per turn there by reducing the cost
of WT harvesting. This indicates that the volume of harvested trees had stronger influence on harvesting
cost than the time required to harvest trees (George et al. 2019; Soman et al. 2019).
Feller-buncher in WT harvested multiple trees while handling SDT, which increased the felling
productivity due to the higher number of trees per cycle. This is because the calculation of the unit cost of
production makes use of the average number of logs per turn and average volume of logs, which was found
to be same in both treatments. In Hyb-CTL treatment, distance to bunch influenced DFC and was directly
related to the feller-buncher’s operational task of sorting the bunch to facilitate in-wood processing. In
general, the distance moved by the feller-buncher in both treatments influenced the DFC (Adebayo et al.
2007; Soman et al. 2020). Even though average DBH of trees felled was included in the initial regression,
model selection using AIC values dropped the variable from subsequent model (Table. 4.4).
Primary transportation (skidding/forwarding) was the costliest component among all operational
phases included in the study. The results are in accordance with other studies that reported extraction cost
as most expensive (50 to 70% of total harvesting cost) among all in-wood operational phases (Li et al. 2006;
Kizha et al. 2015; Contreras et al. 2017; Soman et al. 2019). Variability for the forwarder regression model
could not be explained by the variables included. Because the total number of forwarding cycles recorded
were four; the regression used in-woods loading cycles instead of the complete forwarding cycle. As a result
variables such as distance to landing, number, and size of logs handled at the landing were not included,
which could have significantly influenced DFC of forwarder (George et al. 2019).
Processing time was higher for larger trees and hardwoods species, and can be attributed to piece
weight, complex crown structures, and branching pattern (Glade 1999; Hiesl and Benjamin 2013a; Kizha
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and Han 2016; Labelle et al. 2018). The processor in Hyb-CTL had to travel in-woods between tree piles
(sorts) and scatter the residues on to the forwarding trail leading to higher DFC than WT. But the cost was
lower in Hyb-CTL and can be attributed to higher number of logs generated per tree and larger log diameter.
Larger logs also reduced the time to load a truck.
Hardwood species (SDT and pulpwood) comprised majority of the chipped trees which reflected
the stand composition prior to harvest. Utilization rate of the chipper was estimated at 53% because of the
frequent breakdown and occasional changing of blades which were considered as delays and were not
included in the analysis. For comparison, other studies have reported rates varying between 41 to 73%
(Spinelli and Visser 2009; Harrill and Han 2012). Operational delay was minimized in chipping by bringing
all the SDT and pulpwood trees to the landing prior to the initiation of chipping.

4.5.2. Cost apportioning
The total cost of producing wood chips is a function of SDT present in the stand (Kizha and Han,
2015a). Cost apportioning methods are used for calculating production cost for distinct products from an
integrated harvest under different scenarios. JPA is generally used when comminuted forest products have
high market demands, or for accounting revenue generated solely from the ancillary product. In other
words, JPA accounts for the secondary product as an individual commodity. BPA cost apportioning is used
when the landowner objective does not involve commercial production of comminuted forest products, but
the harvest residues are extracted to landing as a part of silvicultural prescription, replanting purpose, legal,
or policy requirements. Here the proportion of cost allocated to the harvest residues is considerably low
(just the chipping and trucking cost).
The costs in JPA was shared for felling and skidding between the SDT and sawlog components.
The SDT were left at the landing and naturally dried to remove the leaves (Kizha et al. 2018). Not
processing (delimbing by processor) SDT lowered the total cost for the producing wood chips. Delimbing
of SDT, tree-tops, and other non-merchantable trees are common for comminution operations intending to
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produce high-quality pulpwood chips. However, treetops from sawlog processing were not chipped in this
study. As leaves and branches retained on the stem wood can increase ash-content in the final product and
lead to operational delay in the form of clogging. Laitila et al. (2010) showed that the cost of chips from
delimbed stemwood was 24% costlier than whole tree (without delimbing) chips. Additionally, the flail
chipper employed in this study increased the cost of comminution, however as there was no market for
biomass, residual materials (such as SDT) had to be processed into pulpwood quality chips in-woods.

4.5.3. Exclusive product allocation
Exclusive product allocation method in essence would be how contractors charged landowner
harvesting cost primarily for their “service” on a per hectare, per volume or per hour basis. However, the
cost of operation for this study was determined based on the volume of individual products (sawlog,
pulpwood, and SDT) generated, and the time taken to complete that specific DFC (obtained from the
detailed time and motion study). The exclusive method reflects the cost of solely harvesting SDT, making
it more applicable for evaluating pre-commercial thinning (PCT), early commercial thinning (ECT) and
stand enhancing projects. In such operations, usual contract rates cannot be applied as the revenue generated
is considerably low. Working with SDT increases operational cost (variable cost) primarily due to the lower
volume turnover and increased time in DFC for handling them. Additionally, the state of Maine does not
have a steady market for comminuted wood products, with several pulp mills and woody biomass energy
plant closures in recent years (Koirala, Kizha, and De Urioste-Stone 2017).
Using exclusive product allocation, the cost of SDT chips was found to be four times the cost of
producing sawlogs and was highest compared to the other cost apportioning methods. In another study, the
cost of producing wood chips was reported to be seven times more expensive than sawlogs (Harrill and
Han 2012).
Other literature indicates that there is a wide range in the cost of woody biomass. DOE (2011)
estimates the cost (includes chipping cost and stumpage but not including trucking cost, and other
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harvesting machine costs) range from US$ 22 to 110 per oven dry ton (ODT-1). According to the 2016 U.S.
Billion-ton report, the harvesting costs for whole-tree woody biomass for mixed hardwood-softwood was
US$ 29.85 and 35.92 ODT-1 for clear-cut and thinning respectively (Langholtz et al. 2016). The harvesting
cost reported from this study was US$ 47.53 m-3 which converts to US$ 43.21 and 47.53 green tons-1 for
softwood and hardwood respectively (Conversion factors - Forest Research). Whalley et al. (2017),
estimated that the cost of producing and delivering the biomass to processing facilities in Maine ranged
from US$ 4 to 24 green tons-1. Comparing the cost of producing wood chips between different studies is
not appropriate beyond a certain extent due to the variation in feedstock dimension and material (for
example: tree tops, branches, pulpwood and/or SDT) for comminution (Harrill and Han 2012; Langholtz et
al. 2016; Kizha and Han 2016). Furthermore, the calculated cost of wood chips in different studies varies
depending on various factors including geographical location, stand and operational condition, operators,
machines utilized, and type of woods (hardwood or softwood) (Whalley et al. 2017).
The average sawlog volume in our study site was less than three times greater than SDT; reducing
the turn size (volume per DFC) for SDT cycles, thereby reducing productivity and increasing the cost of
harvesting. Furthermore, in exclusive product allocation the cost of harvesting sawlog (US$ 11.23 m-3) was
reduced due to the removal of SDT (lower volume pieces) from the equation. For instance, DFC for felling
SDT was higher than sawlog because the feller-buncher handled more trees when felling SDT. The felling
sawlog DFC was less than that of WT felling DFC which reduced the cost because the volume and number
of logs per cycle used in the machine rate calculation are similar for both cases.
In general, the exclusive method separately calculated the DFC, average number of logs per cycle
and volume per turn for sawlogs and SDT. This resulted in higher DFC and lower volume per cycle that
increased cost of harvesting SDT compared to that of total cost. The cost of chipping hardwood pulp was
US$ 3.07 m-3 whereas for SDT cost was US$ 15.32 m-3. Chipping hardwood pulp took significantly more
time than that of SDT (p < 0.001). Even though the SDT had lower chipping time and higher number of
trees per cycle, since the small volume of SDT compared to hardwood pulp was considered in the
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calculation the cost of SDT was very high. The higher volume of hardwood pulp increased the productivity
of total WT treatment. The feeding time to chipper (chipping time) was not significantly different for SDT
and hardwood pulp volume of SDT fed into the chipper was less.

4.6. Limitations of the study
Average sawlog volume determined using Huber’s formula (Avery and Burkhart 1983) only
measured small- and large-end diameter along with length of processed sawlogs at the landing, and not the
SDT and pulpwood, which were not processed. Hence, the average volume for logs calculated from the
Huber’s method did not represent the stand characteristics as the stand was dominated by SDT and
pulpwood. Therefore, the equation (1) and (2) used for calculating the volume of SDT was used for
determining the average piece volume for both treatments. The average log volume calculated from the
allometric equation was lesser than the scaling volume because of including the SDT volume. During the
extraction phase, even though the average butt-end diameter of the trees were 23.33 cm; large-sized trees
were also present in the stand. The bunches with lower number of trees had larger trees. However, the
average number (for both tree size and number of trees per bunch) did not reflect this reality. In a similar
study, Soman et al. (2019) noted this discrepancy in detailed time study when systematic sampling
procedures could not picture the actual operations. When studying SDT dominated stands, the scaling data
and cost calculations need to be separate for both, otherwise, the cost calculated will be less representative
of the actual cost.

4.7. Conclusions
In this study, WT harvesting was compared to Hyb-CTL at an industrial forest site in northern
Maine, USA. We estimated that the cost of Hyb-CTL was significantly higher than WT harvesting, even
after incorporating the cost of chipping to WT. The WT was an integrated harvest, and the total cost was
apportioned to estimate the cost of sawlog and woodchips using JPA, BPA and exclusive product allocation.
The cost of producing wood chips varied depending on the apportioning method used. If the wood chips
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are to be getting a free ride until reaching the landing (by-product), the cost is dramatically less than the
cost of considering the wood chips as an individual product (joint product). However, the adoption of BPA
and JPA apportioning methods depend on the market conditions. Exclusive product allocation would be
most suited for stand improvement operations such as PCT, ECT and small-diameter tree dominated stand
thinning costs. Exclusive product allocation calculation is used for such stands where the harvesting
operation generate products that are not commercially viable and provides inadequate financial revenue.
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APPENDICES

APPENDIX I: BIOMASS AND SDT PRODUCERS SURVEY

Start of Block: Intro
Q1) Biomass and SDT Producers Survey
INFORMED CONSENT FORM
(You can keep this page for any future uses) You are invited to participate in a research project being
conducted by a group of researchers led by Dr. Adam Daigneault, an Assistant Professor in the School of
Forest Resources at the University of Maine. The purpose of the research is to understand the perspectives
of biomass, forest residue, and small diameter timber producers. You must also be at least 18 years of age
to fill out the survey.
What will you be asked to do? You are requested to complete an attached survey to understand producer’s
perspective towards biomass harvest decision making, which will take no more than 8-10 minutes to
complete.
Risks: Except for your time and inconvenience, there are no risks to you from participating in this study.
Benefits: This study will help us better understand the perspectives of landowners, loggers, operators, and
foresters towards biomass harvesting in northeastern United States and identity the main constrains in
harvest decision making. While our study may have little immediate benefit to the individual respondents,
the research is intended to help stakeholders better define and achieve economic development goals while
enhancing the utilization of biomass. There are no direct benefits to participants.
Compensation: No compensation for participating in this study.
Confidentiality: Your responses will be completely anonymous. Data will be kept in the investigator’s
locked office. Your any identifying information will not be reported in any publications. The paper survey
data and digital data will be stored for 3 years and will be destroyed in 2023.
Voluntary: Participation is voluntary. If you choose to take part in this study, you may stop at any time.
You may skip any questions you do not wish to answer.
Contact Information: If you have any questions about this study, please contact at: Adam Daigneault
Assistant Professor School of Forest Resources 5755 Nutting Hall, University of Maine Orono, ME 044695755, Room 219 Phone: (207) 581-2805. Email: adam.daigneault@maine.edu. Libin Thaikkattil Louis
Ph.D. Student and Graduate Research Assistant School of Forest Resources, 5755 Nutting Hall University
of Maine Orono, ME 04469-5755, Room 231 Phone: (207) 889-4057 Email: libin.thaikkattil@maine.edu.
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Anil Raj Kizha Assistant Professor School of Forest Resources 5755 Nutting Hall University of Maine
Orono, ME 04469-5755, Room 217 Phone: (207) 581-2851 Email: anil.kizha@maine.edu
If you have any questions about your rights as a research participant, please contact Office of Research
Compliance,
University
of
Maine,
at
581-1498
(or
e-mail
umric@maine.edu).
Would you like to take this survey?

o Yes
o No
End of Block: Intro
Start of Block: Role in Forestry
Q2) In which state(s) do you own forestland, manage forests, and/or conduct forestry operations?

▢
▢
▢
▢
▢
▢
▢

Maine

Massachusetts

New Hampshire

New York

Rhode Island

Vermont

Other (please specify) ________________________________________________
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Q3) Please select a category that best describes your occupation in forestry

o Forester
o Landowner
o Contractor
o Logger
o State or federal agencies
o Others (please specify) ________________________________________________
Page Break
Q4) How much area do you own (for landowners)?

o less than 100 acres
o 100 to < 500 acres
o 500 to < 1000 acres
o 1000 to < 2000 acres
o more than 2000 acres
o NA
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Q5) What is an average size of your harvest operation on a single harvest site (all silvicultural treatments
in a single site)?

o less than 25 acres
o 25 to 50 acres
o 50 to 75 acres
o 75 to 100 acres
o more than 100 acres
o NA
Q6) How many years of experience do you have with respect to the job/owner category you selected?

o less than 10 years
o 10 to < 20 years
o 20 to < 30 years
o more than 30 years
o NA
Page Break
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Q7) What forest ownership group(s) do you typically work with? (select all that apply)

▢
▢
▢
▢
▢
▢
▢

National forest

State forest

Other government

Forest industry

Non-industrial private

None

Others (please specify) ________________________________________________

Q8) How old are you?

o Below 30
o 30 to 40
o 40 to 50
o 50 to 60
o Above 60
End of Block: Role in Forestry
Start of Block: General perceptions on current situation from your recent experiences
Page Break

105

Biomass Overview The remainder of the survey will ask questions related to Biomass Harvesting and
Processing. For the purpose of this survey, Biomass consists of processing residues such as treetops, limbs,
and offshoots, and Small Diameter Trees (SDT, with a diameter at breast height (DBH) of 5 inches or less).
Q9) Please answer the following questions related to your harvest operations.
Always
Do you remove any logging residues during
a typical harvest operation?
Do you process harvested biomass material
during a typical harvest operation?
Do you work with crews that are fully
dedicated to biomass harvesting?
Does your operation typically integrate
biomass harvesting with round-wood
harvesting?

Sometimes

Never

Not Applicable
/ Don't Know

o
o
o

o
o
o

o
o
o

o
o
o

o

o

o

o
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Q10) Please indicate the reasons for you to harvest or remove biomass during a harvesting operation (slide
bar to corresponding value, where far left is strongly disagree and far right is strongly agree).
Strongly
disagree
-10 -8
Aesthetic value of the site
To be competitive on timber sales
Diversify my business
Increase total profit
Profit from biomass
Strengthen my business
Reduce wastage of renewable energy
Encouraged by others
Satisfy landowner objectives
Meet total harvest objectives, even if a financial loss
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-6

Neither agree
nor disagree
-4 -2 0 2 4

6

Strongly
agree
8 10

Q11) How do you perceive the future of biomass for your region will be in the next 5 years? (slide bar to
corresponding value, where far left is strongly disagree and far right is strongly agree)
Strongly
disagree
-10 -8

-6

-4

Neither agree
nor disagree
-2 0 2 4

6

Strongly
agree
8 10

Biomass production and utilization will increase
Biomass markets will be improved
There will be more policy incentives for harvesting
biomass

Q12) What is the average haul distance from your operation site to the Biomass processing facility?

o Less than 20 miles
o 20 to < 40 miles
o 40 to < 60 miles
o 60 to < 80 miles
o 80 to < 100 miles
o more than 100 miles
o Not Applicable / Don't Know
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Q13) To what extent do you agree or disagree with the following statements related to biomass
harvesting? (slide bar to corresponding value, where far left is strongly disagree and far right is strongly
agree)
Strongly
disagree
-10 -8

Neither agree
nor disagree
-6 -4 -2 0 2 4

Strongly
agree
8 10

6

Current biomass harvesting policies impact my timber
operations
The number of pre-commercial thinning operations
have reduced considerably in the past 5 years
I would harvest biomass if there were more markets for
the product

Page Break
Q14) How have the following components impacted the amount of biomass harvested in your
region? (slide bar to corresponding value, where far left is strongly reduced and far right is strongly
increased)
Strongly
reduced
-10 -8

Neutral
-6

-4

-2

0

2

4

Recent closure of mills
Recent closure of biomass plants
Insect/pest/other tree diseases
Change in species composition
Harvest machines available
Chipping machines available
Harvest regulations

End of Block: General perceptions on current situation from your recent experiences
Start of Block: Uses of SDT
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6

Strongly
increased
8 10

Q15) How much do you agree that biomass can be used for the following market opportunities in your
region? (slide bar to corresponding value, where far left is strongly disagree and far right is strongly
agree)
Strongly
disagree
-10 -8

Neither agree
nor disagree
-6

Used in a paper mill
Making particle board
Producing bioenergy
Making liquid biofuel
Making composite wood products
Making compost
Mulch
Used by institutions for heat energy
Making pellets
Make biochar

End of Block: Uses of SDT
Start of Block: Major constraints in harvest decision making
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-4

-2

0

2

Strongly
agree
4

6

8

10

Q16) How much do the following factors act as a constraint on your decision to harvest Biomass? (slide
bar to corresponding value, where far left is Very low constraint and far right is very high constraint)
Very low
constraint
-10 -8
Cost of production
Machine and Labor cost
Equipment availability
Limited market for biomass
Trucking distance
Lack of policy incentives
Sensitive ground condition
Landing space
Forest road condition
Best management practice implementation
Operator experience
Concern for residual stand damage
Other (please specify) _________________

Page Break
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Neutral
-6

-4

-2

0

Very high
constraint
2

4

6

8

10

Q17) To what extent do you agree or disagree with each of the following statements regarding Small
Diameter Trees (SDT, DBH below 5 inches) in your region? (slide bar to corresponding value, where far
left is strongly disagree and far right is strongly agree)
Strongly
disagree
-10 -8

Neither agree nor
disagree
-6

-4

-2

0

2

4

Strongly
agree
6

8

10

I have owned/operated stands that are dominated by
SDT
The stands I currently own/operate have a high
proportion of SDTs compared to pulp and sawlog trees
Stands are left unharvested because they are dominated
by SDT
SDT are harvested along with pulpwood in most
harvest operations
SDT are harvested along with sawlogs in most harvest
operations
SDT are usually not extracted to the landing but left in
the site
Cost of harvesting SDT doesn't matter because it is part
of a larger operation
Few processing facilities in my region accept SDT

Q18) Based on your experience, what percentage of your total harvested and processed Biomass volume
is made up of Small Diameter Trees (SDT), where 0% = No Biomass is made up of SDT and 100% = All
Biomass is made from just SDT? (slide bar to corresponding percentage)
0% SDT
0

10 20 30 40 50 60 70 80 90 100

Percentage of SDT

End of Block: Major constraints in harvest decision making
Start of Block: Comments and Suggestions

112

100% SDT

Q19) What do you think should be done to increase the amount of biomass harvested in the region that you
operate?
________________________________________________________________
________________________________________________________________
________________________________________________________________
________________________________________________________________
________________________________________________________________
Q20) Please list any other special concerns or additional comments regarding biomass harvesting that you
think were not addressed in the survey. Your info will be a great help in shaping this research.
________________________________________________________________
________________________________________________________________
________________________________________________________________
________________________________________________________________
________________________________________________________________
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APPENDIX II: TUKEY’S TEST RESULTS
Figures showing the pairwise comparisons between various levels of job and experience categories and
difference in the average agreement. The significant difference indicated by the letters a and b.
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APPENDIX III: ARTICLES USED IN THE META-ANALYSIS
Table showing the details of articles included in the study such as region, country, author, year of publication, and
title of the study.
Citation

Region

Country

Author

Year

Title

Asia

Iran

Mousavi

2012

Effect of log length on productivity and
cost of timber jack 450c skidder in the
Hyrcanian forest in Iran

Asia

Japan

Nakagawa
et. al.,

2007

Effect of tree size on productivity and time
required for work elements in selective
thinning by harvester

Asia

Russia

Gerasimov
et. al.,

2006

Assessment of energy wood resources in
the Liningrad region

Asia

Russia

Ilavsky et.
al.,

2007

Energy wood potential, supply systems
and costs in Tihvin and Boksitogorsk
districts of the Leningrad region

Asia

Turkey

Akay et.
al.,

2004

Determining productivity of mechanized
harvesting machines

(Bilici and
Abbas 2018)

Asia

Turkey

Bilici &
Abbas

2018

Performance analysis of harvester during
timber extraction activities in Bursa,
Turkey

(Bilici et al.
2019)

Asia

Turkey

Bilici et.
al.,

2019

Assessing the effects of site factors on the
productivity of a feller-buncher: a time and
motion analysis

(Spinelli et al.
2007)

Europe

France,
Finland,
Italy

Spinelli et.
al.,

2007

A new feller-buncher for harvesting energy
wood: results from a European test
programme

(Koutsianitis
and Tsioras
2017)

Europe

Greece

Koutsianiti
s&
Tsioras

2017

Time consumption and production cost of
two small scale wood harvesting systems
in northern Greece

(Kofman and
Kent 2007)

Europe

Ireland

Kofman &
Kent

2007

Harvesting and processing forest biomass
for energy production in Ireland

(Kofman and
Kent 2007)

Europe

Ireland

Kent et.
al.,

2011

Harvesting wood for energy cost-effective
wood fuel supply chains in Irish forestry

(Spinelli and
Magagnotti
2010)

Europe

Italy

Spinelli &
Magagnoti

2010

Performance and cost of a new miniforwarder for use in thinning operation

(Suchomel et al.
2012)

Europe

Italy

Suchomel
et. al.,

2012

Productivity of processing hardwood from
coppice forests

(Mousavi 2012)

(Nakagawa et al.
2007)
(Gerasimov et
al. 2006)
(Ilavský et al.
2007)
(Akay et al.
2004)
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Table Continued.
(Spinelli et al.
2014)

Europe

Italy

Spinelli et.
al.,

2014

Effect of mechanization level and
harvesting system on the thinning cost of
Mediterranean softwood plantation

Europe

Italy

Proto et.
al.,

2018

Factors affecting forwarder productivity

Europe

Italy

Proto et.
al.,

2018

A case study on the productivity of
forwarder extraction in small scale
southern Italian forests

Europe

Poland

Moskalik

2004

Influence of cutting form on the harvester
productivity and cost

Europe

Poland

Mederski

2006

A comparison of harvesting productivity
and cost in thinning operations with and
without midfield

Europe

Portugal,
Spain

Spinelli et.
al.,

2002

Productivity and cost of CTL harvesting of
Eucalyptus globulus stands using
excavator-based harvesters

Spain

Laina et.
al.,

2013

Productivity and cost of biomass
harvesting for energy production in
coppice natural stands of Quercus
pyrenaica Willd. in central Spain

Europe

Spain

Tolosana
et. al.,

2018

Productivity, efficiency and environmental
effects of whole-tree harvesting in Spanish
coppice stands using a drive-to-tree disc
saw feller-buncher

(Bergström and
Di Fulvio 2014)

Europe

Sweden

Bergstrom
& Fulvio

2014

Evaluation of a novel prototype harvester
head in early fuel-wood thinnings

(Andersson and
Evans 1996)

North
America

Canada

Anderson
& Evans

1996

Harvesting Over mature Aspen stands in
central Alberta

North
America

Canada

Han &
Renzie

2005

Productivity and cost of partial harvesting
method to control mountain pine beetle
infestations in British Columbia

North
America

Canada

Renzie &
Han

2008

Harvesting productivity and cost of clearcut and partial cut in interior British
Columbia, Canada

North
America

USA

Largo &
Han

2004

Economics of an integrated harvesting
system in fuel reduction thinning in
Western Montana

North
America

USA

Wang et.
al.,

2004

Production and cost analysis of a fellerbuncher and grapple skidder in central
Appalachian hardwood forests

(Proto et al.
2018a)
(Proto et al.
2018b)
(Moskalik 2004)
(Mederski 2006)

(Spinelli,
Owende, et al.
2002)
(Laina et al.
2013)

(Tolosana et al.
2018)

(Han and Renzie
2005)
(Renzie and Han
2008)
(Largo and Han
2004)
(Wang et al.
2004)

Europe
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Table Continued.
(Adebayo et al.
2006)

North
America

USA

Adebayo
et. al.,

2006

Productivity and cost of cut-to-length and
whole-tree harvesting in mixed-conifer
stand in northern Idaho

North
America

USA

Hartley &
Han

2007

Effects of alternative silvicultural
treatments on cable harvesting productivity
and cost in western Washington

North
America

USA

Pan et. al.,

2008a

Production and cost of harvesting and
transporting small-diameter trees for
energy

North
America

USA

Bolding et.
al.,

2009

Productivity and costs of an integrated
mechanical forest fuel reduction operation
in southwest Oregon

North
America

USA

Vitorelo

2011

Cost and productivity of two mechanical
fire hazard reduction methods: mastication
and thinning

North
America

USA

Harrill &
Han

2012

Productivity and Cost of integrated
harvesting of wood chips and sawlogs in
stand conversion operations

(Hiesl and
Benjamin
2013b)

North
America

USA

Hiesl &
Benjamin

2013
b

Assessment of feller-buncher and harvester
caused stand damage in partial harvests in
Maine

(Spinelli,
Hartsough, et al.
2002)

North
America

USA

Spinelli et.
al.,

2002

Productivity and cost of mechanized
whole-tree harvesting of fast growing
Eucalyptus stands

North
America

USA

Hiesl et.
al.,

2015

Evaluating harvest costs and profit of
commercial thinnings in softwood stands
in west-central Maine A case study

North
America

USA

Hiesl &
Benjamin

2015
b

Estimating processing times of harvester in
thinning operations in Maine

(She et al. 2018)

North
America

USA

She et. al.,

2018

Discrete-event simulation of ground-based
timber Harvesting operations

(Kizha and Han
2016)

North
America

USA

Kizha &
Han

2016

Processing and sorting forest residues:
Cost, productivity, and managerial impacts

North
America

USA

Han et. al.,

2018

Productivity and costs of two beetle-kill
salvage harvesting methods in northern
Colorado

North
America

USA

Soman et.
al.,

2019

Impacts of silvicultural prescriptions and
implementation of best management
practices on timber harvesting costs

North
America

USA

George et.
al.,

2019

Economic feasibility of timber harvesting
in lowlands

(Hartley and
Han 2007)
(Pan et al.
2008a)
(M. Chad
Bolding et al.
2009)
(Vitorelo 2011)

(Harrill and Han
2012)

(Hiesl et al.
2015)
(Hiesl and
Benjamin
2015b)

(H. Han et al.
2018)
(Soman et al.
2019)
(George et al.
2019)

118

Table Continued.
(Petitmermet et
al. 2019)
(Soman et al.
2020)
(Louis and
Kizha 2019)

(Han and Han
2020)

(Ghaffariyan et
al. 2011)
(Walsh and
Strandgard
2014)
(Ghaffariyan et
al. 2015)
(Strandgard and
Mitchell 2020)

(Guerra et al.
2016)
(Britto et al.
2017)

(Williams and
Ackerman 2016)

North
America

USA

Petitmerm
et et. al.,

2019

Cost and productivity of tethered cut-tolength systems in a dry forest fuel
reduction treatment: A case study

North
America

USA

Soman et.
al.,

2020

Production economics: comparing hybrid
tree-length with whole-tree harvesting
methods

USA

Louis &
Kizha

2019

Calculating the cost of integrated
harvesting of small-diameter trees
dominated stand using various
apportioning methods

USA

Han &
Han

2020

Productivity and cost of Whole-tree and
tree-length harvesting in fuel reduction
thinning treatments using cable yarding
system

Australia

Ghaffariya
n et. al.,

2011

Biomass harvesting in Eucalyptus
plantations in Western Australia

Southern
Hemispher
e

Australia

Walsh &
Strandgard

2014

Productivity and cost of harvesting stem
wood biomass product from integrated cutto-length harvesting operations in
Australian Pinus radiata plantations

Southern
Hemispher
e

Australia

Ghaffariya
n et. al.,

2015

Integrated harvesting for conventional log
and energy wood assortments: a case study
in a pine plantations

Southern
Hemispher
e

Australia

Strandgrad
& Mitchell

2020

Comparison of the productivity, cost, and
stem breakage of two- and three-machine
harvest systems clear felling a mature
Pinus radiata stand

Southern
Hemispher
e

Brazil

Guerra et.
al.,

2016

Harvesting Eucalyptus energy plantations
in Brazil with a modified new Holland
forage harvester

North
America

North
America
Southern
Hemispher
e

Southern
Hemispher
e

Brazil

Britto et.
al.,

2017

Productivity assessment of timber
harvesting techniques for supporting
sustainable forest management of
secondary Atlantic forest in southern
Brazil

Southern
Hemispher
e

South
Africa

Williams
&
Ackerman

2016

Cost-productivity analysis of South
African pine sawtimber mechanized cutto-length harvesting
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APPENDIX IV: PREDICTED VALUES FROM HIERARCHICAL REGRESSION
MODELS
Complete figures showing the predicted values of harvesting cost ($ m -3) for regression coefficients (height (m), and
area (m2)) and intercepts (process) from Harvesting cost model.
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Complete figures showing the predicted values of productivity (m 3 PMH-1) for regression coefficients (DBH (cm),
machine rate ($ PMH-1), area (m2)) and intercepts (process) from productivity model.
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